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~ POWER-SHOVEL OPERATION IN HIGHWAY GRADING 
A REPORT OF OBSERVATIONS MADE ON GOING PROJECTS BY THE DIVISION OF MANAGEMENT, 

BUREAU OF PUBLIC ROADS 

Reported by T. WARREN ALLEN, Chief, Division of Management, and ANDREW P. ANDERSON, Associate Highway Engineer 

Part 1—AN OUTLINE OF MORE IMPORTANT FACTS DEVELOPED IN STUDIES AND DISCUSSION OF FACTORS 
AFFECTING THE OPERATING CYCLE OF THE SHOVEL 

grading outfit is very nearly fixed for any given 
set of conditions, regardless of whether the output 

is high or low. The only effective means available to 
the contractor for reducing his unit cost is therefore 
to increase the rate of production. Some of the more 
general requirements necessary for efficient, economical 

Bliss. DAILY cost of operating a power-shovel its parts. Absolute perfection in all details is probably 
impossible. Nevertheless, recent extensivestudies by 
the Division of Management of the Bureau of Public 
Roads, of power-shovel operation on a large number of 
projects operated under a great variety of conditions 
show rather conclusively, (1) that a high degree of 
efficiency is possible of attainment, and (2) that, in 

production as developed 
will be briefly summarized 
in the first portion of this 
article and treated in 
greater detail in subse- 
quent portions of this 
series of articles. 

Efficient use of the power 
shovel in highway grading 
generally involves the 
proper coordination of at 
least three distinct opera- 
tions: (1) Except where 
the material can be cast, 
it must be dug and loaded 
into the hauling units at 
or near the maximum rate 
of production for the mate- 
rial handled; (2) the haul- 
ing units must be just suffi- 
cient to carry the output 
of the shovel and must be 
operated with almost 
clocklike precision, so that 
the load may be received, 
transported to the place of 
disposal, dumped, and the 
hauling units returned to 
the shovel without inter- 
rupting the steady opera- 
tion of the shovel; (3) at 
the fill or dump the mate- 
rial brought by the hauling 
units must be spread and 
compacted or otherwise 
cared for as may be re- 
quired by the specifications 
without interfering with 
the steady operation of the 
hauling units. If the ma- 
terial is too hard to be dug 
effectively with the shovel, 
another operation, that of 
drilling and blasting, is 
necessary, and this opera- 
tion must also be carried 
on without interfering 
with the others. 

ATA COLLECTED in studies of power-shovel oper- 
D ation, which are reported in this series of articles, 

indicate that there are few jobs on which a material 
increase in output can not be obtained without a corre- 
sponding increase in cost. In some cases it has been found 
possible to increase output as much as 100 per cent by a 
change in management methods. 

Under favorable conditions a good operator can attain 
a rate of loading of four dipper loads per minute for inter- 
mittent periods and three dipper loads or more per minute 
as a continuous rate. By whatever amount the contractor 
fails to attain this rate under favorable conditions, he is 
failing to attain the maximum possible efficiency. 

Efficiency of production can not exceed the efficiency of 
the shovel operator. To change an operator making a load 
every 18 seconds for one who takes 20 seconds reduces the 
output 10 per cent. This can easily amount to $20 to $25 
a day in lost profits. 

The difference in time required to make a 90° swing in 
loading and to make a 180° swing may reduce the output 
by as much as 25 per cent. 

A mass diagram is essential in planning hauling equip- 
ment and estimating on a job. With such a diagram, and 
knowing the time constants of operation, it is possible to 
determine the most efficient outfit and how long it should 
take to do the work. 

Determination of proper team supply greatly affects 
profits. One job is estimated to cost $15,440 with an 8-team 
outfit which can be done for $14,555 with an 11-team outfit. 

It is often advantageous to sublet short-haul work or to 
do it with wheelers or fresnoes when conditions result in a 
surplus of teams at the shovel. 

Work should be continued under adverse conditions 
when it is possible to earn more than the difference be- 
tween the costs which accrue while working and those 
which accrue while idling. 

It has been found that the diversity of kinds and sizes 
of trucks has produced varied results in meeting the special- 
ized requirements of use with a power shovel. 

Using trucks on a short haul, it has sometimes been found 
possible to double the output by backing them to the dump 
rather than making a turn at the dump and another at the 
shovel. 

Roadway conditions play an important part in truck 
operation. Pneumatic tires, particularly those of the dual 
type, are preferable. 

Crawler-type tractors drawing large dump wagons have 
been found adapted to conditions commonly found on 
power-shovel jobs. The number of trains used must agree 
closely with economical requirements. As an example, 
the use of one 2-wagon train on a particular job requiring 
two such trains would have increased the cost of the job 
nearly $7,200, while the use of three trains would have 
increased it $1,250. 

general, the cause of the 
low production encoun- 
tered on many projects is 
due to conditions over 
which the management has 
more or less definite con- 
trol and which are there- 
fore to some extent reme- 
diable. 

On this work the shovel 
is the primary producer. 
All production is depend- 
ent on it. An _ inferior 
shovel or operator is a cer- 
tain guarantee that pro- 
duction costs will be high. 
The shovel should be 
sturdy, powerful, depend- 
able, fast, and easily Oper- 
ated. But no matter how 
good the shovel, a high 
gerade of skill, intelligence, 
and endurance is required 
on the part of the operator 
in order to secure consist- 
ently a high rate of pro- 
duction. 

In ordinary common ex- 
cavation 4 or more feet in 
depth and which is dug 
easily and dumped freely, 
a good power shovel in 
good condition can load 
vehicles at the rate of four 
dipper loads per minute, 
providing the vehicles are 
so placed that the average 
swing does not exceed 90°. 
A good operator can con- 
tinue this rate for intermit- 
tent periods throughout 
the day. To attain this 
rate it is necessary to load 
the dipper in about 4% 
seconds, to swing and 
spot the dipper in about 
4 seconds, to dump _ it 
in 11% seconds, and then 

Efficient operation requires not only that a high rate 
of production be secured with the shovel, but that this 
roduction be secured with the use of a minimum of 
one and auxiliary equipment. This can only be 
accomplished when each operation is so synchronized 
and coordinated that the entire organization functions 
as a unit without either interference or waste in any of 

85094—28——1 

return the dipper to the loading point in about 5 
seconds. Many jobs have been found where this rate 
has been maintained during intermittent periods of 
varying length under the conditions given above, and 
it may therefore be taken as the maximum attainable 
with present-day power shovels worked under favor- 
able field conditions. However, numerous jobs have 

251 



252 PUBLIC ROADS ' Vol. 8, No. 12 

been found where the average rate of all-day shovel 
operation, in good common, was at the rate of three or 
more dipper loads per minute, and this may therefore 
be accepted as a criterion of good operation under 
normally favorable field conditions. If the operator 
is forced to swing his shovel 180° instead of 90°, his 
best possible short time output will be only about 34% 
dipper loads per minute even with a very fast swinging 
shovel, while his all-day average rate may readily be 
much less than 21% dipper loads per minute. 

Output, however, is the product of the number of 
dipper loads multiplied by the average yardage per 

A Fuuu Dipper Loap or Eastty WorkED MATERIAL AND 
A SHORT Swinc. SucH ConDITION SHOULD PRODUCE A 
LARGE OUTPUT 

dipper load. A good operator can combine both speed 
and high average quantity of material. In ordinary 
common excavation 3 or more feet in depth the average 
dipper load for a 34-yard shovel should be about one- 
half cubic yard of material as measured in place. A 
l-yard dipper should average about 0.7 cubic yard. 
In some materials which heap up on the dipper and 
do not spill on the swing the average load will some- 
times equal the rated capacity. In poorly blasted rock 
or shale, or in material full of roots and stumps, the 
average dipper load may be 40 per cent less than the 
general average for ordinary common excavation or 
about 0.3 cubic yard for a 34-yard dipper. Figure 1 
is illustrative of the studies made and shows the rate at 
which dipper loads can be deposited in the hauling 
units under fast operation, and how a few slow opera- 
tions increase the average time per cycle for the entire 
period. As the material passes from good common to 
one more difficult the digging and loading operations 
become slower and there is greater difficulty in securing 
a full dipper. 

MISTAKES IN MANAGEMENT FOUND WHICH GREATLY REDUCE 
PROFITS 

The custom of loading the hauling units at the rear 
of the shovel (180° swing) is a very expensive practice. 
Even with a fast-swinging shovel, loading at the rear 
of the shovel instead of at the side will increase the 
time required for each dipper load about four seconds, 
and if the shovel is of slow-swing speed it may be twice 
this amount. If the average time per dipper load is 
20 seconds when loading at the side of the shovel, it 
will be somewhere between 24 and 28 seconds if the 
loading is at the rear. In other words, production will 
be cut from 180 dipper loads per hour to 150 or possibly 
as low as 128 per hour. Consequently, one of the 
-essential requirements for high-shovel production is to 
so place the wagons or trucks that the swing of the 
shovel will be as short as possible. 

For materials which clear the dipper freely the dnmp- 
ing time should not, in general, exceed an average of 
about one second, but sticky, adhesive materials require 
much skill on the part of the operator, if the average 
dumping time is to be held down to two or three seconds. 
A slow or inexperienced operator may readily consume 
two or three times as much time per dipper load. 
Daily production in very sticky or adhesive materials 
may therefore be as low as for poorly blasted rock. 

The general tendency among highway grading con- 
tractors seems to be to do too little blasting as well as 
too little clearing and grubbing. It is not uncommon 
to find power shovels producing only about one-half 
the output which would have been possible had the 
blasting been well done. In materials which are too 
hard to dig readily without blasting, a good powder man 
is indispensable for satisfactory production. 

In shallow cuts attention should be given to the time 
required to move the shovel forward. A modern 
crawler-type shovel in good condition can be moved 
forward in 15 seconds. If an average of 30 seconds is 
required, either the operator is slow or else the mecha- 
nism needs attention. The old-style wheel-traction 
type operating on mats will ordinarily require from 
five to seven times as long to move. ‘This is a severe 
handicap where much shallow cutting is involved. In 
shallow cuts keeping the boom lower than normal and 
the shovel well forward will facilitate filling the dipper, 
while in deep cuts the boom should be kept high and 
the shovel well back from the face. 
On the jobs studied an inadequate supply or poor 

operation of hauling equipment, or both, were the most 
frequent causes of slow-shovel operation in good com- 
mon excavation. Trimming to grade and dressing 
slopes was the second most prolific cause for extending 
the time required per dipper load. 

If the highest possible shovel production is to be 
secured, vehicles must be exchanged within the time 
required to handle one dipper load, or in good common 
from about 12 to 18 seconds. To operate the hauling 
equipment so as to meet this requirement is practical 
under ordinary field conditions, providing each vehicle 
can carry two or more dipper loads per load. It is not 
possible to so synchronize the operation of the hauling 
equipment that high production can be maintained 
consistently if only one dipperful is carried per load. 

NUMBER OF HAULING UNITS NEEDED REQUIRES CAREFUL 
CONSIDERATION 

Since the shovel can, in general, only dig material 
when vehicles are in position to receive it, the adequacy 
of the hauling equipment has a very decided effect on 
production. The number of hauling units of any 
given kind which are required varies almost directly 
as the length of haul which generally varies between 
rather wide limits and often at rapid, irregular rates. 
The characteristics which affect the rate at which the 
material can be dug by the shovel sometimes also 
change with unexpected frequency. In practice, there- 
fore, it is found inadvisable to attempt to maintain 
an exact balance between the hauling equipment 
supplied and that just needed to maintain the highest 
rate of production at the shovel. Consequently, ii. 
many instances a definite number of hauling units d 
sent out and maintained on the job until it is completeh 
The result is that on very short hauls some of the 
equipment is idle or working at slow rate, while on the 
longer hauls not enough equipment is available to keek 
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the shovel at a high rate of production. The question 
thus becomes one of determining what hauling equip- 
ment should be sent out in order to complete the job 
at the lowest possible cost. 

Since it is general practice to maintain a fairly 
definite number of hauling units on the job, the utili- 
zation of the otherwise idle time on the short hauls 
therefore becomes a matter of considerable importance. 
At present, the general practice is to begin the fill at 
the nearest point of the cut, so that as the work pro- 
ceeds the distance between the shovel and the dump 
continually increases. The result is that a large por- 
tion of the hauling equipment is idling when the cut is 
begun, but before the end is reached the shovel is 
waiting a considerable portion of the time. <A better 
method which can frequently be employed is to begin 
the fill at the balance point or a sufficient distance 
away from the beginning of the cut, so that as the 
work proceeds the dump and the shovel will both 
progress in the same direction and with a haul sufficient 
to utilize the full equipment to the best advantage. 
Whenever possible the placing of fills should be so 
planned that the idle-time loss for the hauling equip- 
ment will be reduced to a minimum. Surplus teams 
may often be used with fresnoes to do cleaning-up work 
usually done with the shovel. 

Various types of hauling equipment are used with 
the power shovel, the most common of which are teams 
and bottom-dump wagons, motor trucks, and large 
tractor-drawn bottom-dump wagons. Teams are used 
more frequently than any other type, and in general, are 
very satisfactory for short to moderate hauls. The time 
required for turning, dumping, and maneuvering is rela- 
tively short and their average round-trip speed fairly 
constant at from about 220 to 240 feet per minute over 
a wide range of road conditions. On jobs which have 
very wide variations in the lengths of haul, and espe- 
cially if the longer hauls involve considerable quanti- 
ties, the use of teams is apt to be uneconomical unless 
the conditions are such that either extra teams can be 
hired as needed or else that when the shorter hauls are 
reached the otherwise idle teams can be satisfactorily 
utilized on wheeler or fresno work. 

Some of the difficulties of team hauling, especially 
for the longer hauls, would no doubt be reduced by a 
more general use of the 2-cubic-yard three-horse 
wagons. Where team hauling is used the daily cost of 
remaining idle may readily reach one half the normal 
daily operating cost. Consequently, with a team 
outfit it is generally very important that work be 
carried on whenever it is at all practicable to do so. 

CONCLUSIONS REACHED CONCERNING TRUCK AND TRACTOR 
OPERATION 

Heavy trucks, on the other hand, are apt to prove 
expensive on very short hauls. Three or five ton trucks 
are rather generally used in some sections. Where the 
prevailing hauls are moderate to long and the road, 
dump, and cut can be suitably maintained, these vehicles 
give good service. Trucks should be equipped with a 
quick-acting dumping mechanism which will raise the 
body toahigh angle. Since operating room is restricted 
on most construction jobs, trucks with a short wheel 
base are generally found to turn faster both at the dump 
and the shovel—a very important matter on short-haul 
work where speed is of but minor importance. On 
long hauls speed becomes an extremely important 
element. Yet many jobs have been found where the 
road conditions were such that the average round-trip 

speed of the trucks was as low as 300 or 400 feet per 
minute. 

Except where the trucks were equipped with pneu- 
matic tires no job has yet been found where trucks of 
this class could consistently maintain an average round- 
trip speed of over 8 miles an hour, or about 700 feet a 
minute. Generally the speed has been below 6 miles 
an hour. Where heavy trucks are used more attention 
to road conditions would be profitable, as would the use 
of the dual-type pneumatic tires for the rear wheels. 
Whenever the turning time on short-haul work is long 
and the operating speed relatively low, the output of 
the truck can usually be considerably increased by back- 
ing the loaded vehicle to the dump and returning it for- 
ward to the shovel. Cases have been found where this 
method proved advantageous up to a haul of over 800 
feet. On very short hauls the output of the truck can 
sometimes be almost doubled in this way. 
Bottom-dump wagons of 5 and 6 cubic yards capacity 

drawn by crawler tractors have been found to be very 

Let oei8 4 ie = rt Se vag 

LoapDING A TRAIN OF TRACTOR-DRAWN Dump WaAGons 

efficient under a wide variety of conditions. Usually 
two of these wagons can be drawn by one good 10-ton 
crawler-type tractor. A good tractor operator can 
handle one of these trains effectively under conditions 
encountered in ordinary highway grading work. While 
the operating speed is rather low—about 275 to 325 
feet per minute—the dumping and turning time is low, 
so that two of these trains can ordinarily handle the 
full ouput of a 34-yard shovel up to a haul of from 600 
to 800 feet in good common excavation, and to a cor- 
respondingly greater distance in material which is 
more difficult to dig. Each additional train will 
extend the hauling distance by from 800 to 1,000 feet. 

Where crawler tractors are used to draw large dump 
wagons, only skilled operators who will take an interest 
in the work should be employed. Since the number of 
tractor trains required for the economical operation of 
the ordinary highway grading job rarely exceeds three, 
it is very important that they be maintained in proper 
condition and operated with great regularity. 

Power-shovel operation in highway grading work 
involves a large number of repetitive operations. The 
dipper must be loaded, swung, and spotted over the 
hauling unit, the load dumped, and the dipper then 
returned for another load. From time to time the 
shovel must be moved forward or maneuvered so as to 
keep it within easy digging reach of the material. The 
hauling units must be brought into position and 
loaded, the load hauled to the dump—at the dump 
turning and backing is often necessary. The load must 
then be dumped and the vehicle returned to the cut 
where turning and maneuvering is frequently necessary 
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to get into position for receiving another load. As these 
operations are repeated over and over again throughout 
the day, it is clear that if a few seconds, or even a 
fraction of a second, are regularly lost on any one opera- 
tion, the total loss during the course of the day will be 
large. If an operator working regularly on a 20-second 
cycle slows up only just enough to regularly add one 
second to each of the major operations of loading, 
swinging, dumping, and returning the dipper, the out- 
put will be cut from three to two and one half dippers 
per minute. Or, if the regular unhampered output is 
90 wagonloads per hour, and the drivers of the hauling 

units slow down so as to delay the shovel only five 
seconds each time in getting into place to be loaded, then 
the output will be cut to 80 loads per hour. 
Definite stops are, of course obvious and every con- 

tractor makes more or less determined efforts to elimi- 
nate or reduce them. But a power-shovel outfit may 
operate all day without a single definite stop and yet 
not produce more than half the yardage it is capable of 
producing simply because the management is not 
aware of the effect on production of the constant loss 
of seconds or even fractions of seconds in the numerous 
repetitive operations. 

FACTORS AFFECTING THE OPERATING CYCLE 

The operating cycle of the power shovel consists of 
the consecutive actions of (1) loading the dipper, (2) 
swinging it over the wagon or other hauling unit, (8) 
dumping it, and (4) swinging it back to loading posi- 
tion. From time to time the shovel must also be 
moved forward so as to keep within easy digging reach 
of the face of the cut. This, however, is not a part of 
the regular operation cycle, but rather a necessary 
interruption, the relative frequency of which varies 
principally with the depth of the cut. 

Efficiency in power-shovel operation is dependent 
on the operator and on the shovel itself. A first-class 
operator may be able to secure fair production with an 
old or a second-rate shovel, but a poor operator is a 
heavy handicap even with the very best equipment. 
It is hoped the records of performance which this series 
of papers contains may help constructors to increase 
their present rates of shovel production and the power- 
shovel manufacturers to so perfect their shovels as to 
meet still better those conditions which are prerequi- 
site to high rates of production. 

It has been stated that under ordinary field condi- 
tions the fastest obtainable operating cycle in good 
common excavation is in the neighborhood of 15 
seconds when the swing is 90°. The importance of 
approaching this limit as closely as possible can hardly 
be overstated. A 15-second cycle consistently main- 
tained will yield the large output of 240 dipper loads 
an hour. ‘To attain a 15-second cycle it is necessary to 
load the dipper regularly in 4 to 5 seconds, to swing it 
over the wagon in 4 to 5 seconds, to dump it in 1 to 
11% seconds, and return it again to loading position in 
4 to 5 seconds. Lengthening the cycle time to 20 
seconds drops the output to 180 dipper loads an hour— 
a reduction of 25 per cent. If the cycle is lengthened 
to 25 seconds, the best the shovel can turn out is 144 
dipper loads an hour, while if a 30-second cycle obtains 
the output can not exceed 120 dipper loads. 

The difference between operation on, let us say, a 
15-second cycle and on a 20-second cycle is often a 
matter of a second or so in loading, a slight hesitation 
during the swing, with perhaps a bit of delay in spot- 
ting over the wagon—delays which may not be noticed 
except with the aid of extended stop-watch readings. 
It is not surprising to find that slow operators are 
sometimes rated as fast because the contractor has 
nothing definite with which to compare their work and 
to find that fast operators are sometimes being dis- 
credited because job conditions or methods of job 
management over which they have no control hold 
down the output. 

Examples of the full operating-cycle time where load- 
ing was at the side of the shovel are shown in Figures 1 
to 5. A detailed analysis of each of the four parts of 
the operating cycle seems advisable in order to estab- 
lish more clearly the parts played, respectively, by the 
operator, the machine, and the material in determining 
and controlling the rate of production. This will be 
followed by a somewhat similar analysis of the addi- 
tional factors affecting production which are more or 
less completely under the control of the management. 

The first activity of the operating cycle is loading the 
dipper and its effectiveness is dependent on the size of 
the load and the time taken in securing it. To sacri- 
fice, say, 10 per cent of the size of the dipper load in 
order to increase the number of dippers by 10 per cent 
results in a loss in material dug and smaller loads for the 
hauling units. The smaller the time of loading the 
dipper as compared with the time of the entire cycle, 
the greater is the importance of securing a full dipper. 
It is more important to try for a full dipper when the 
swing islong than when itis short. In very shallow cuts 
a low boom will aid in securing a fuller dipper, as will a 
high boom in a deep cut. 

In making these studies determinations have been 
made as to the number of dipper loads and quantity of 
material moved under various conditions. Quantities 
were determined from careful cross-sectioning and are 
thought to be large enough to represent average condi- 
tions. Table 1 gives the results obtained on several 
jobs. Fora so-called 34-yard bucket having a capacity 
of approximately three-fourths cubic yard when struck 
horizontally in line with the top of the teeth and the top 
of rear edge, the average dipper load may vary from 0.3 
to 0.8 cubic yard, depending on the material and the 
skill of the operator. In fair to good common reason- 
ably free from roots and bowlders, a good operator work- 
ing under favorable conditions should dig an average of 
0.5 or 0.6 cubic yard per dipper load. In poorly blasted 
rock or shale, very rooty and stumpy soils, and certain 
tough, moist clays, the average load may be only 0.35 
cubic yard or even less in exceptional eases. In shallow 
cuts the average load is likely to be low. Materials 
which bulk considerably when broken up or which lack 
cohesion, and will not heap up on the dipper, are apt to 
show a low average yield per dipper load. 

In general, the largest average dipper load can be 
secured from cuts of moderate depth, from 5 to 7 feet 
being perhaps the most advantageous in materials not — 
needing to be blasted. The size of the dipper load is 
sometimes affected by the position in which the hauling 
units are loaded. In loose, friable materials which spill 
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losses due to breakage and repairs were high. This 
seems to indicate that for general highway work in- 
creased production is not to be had by increasing the 
size of the dipper above that for which the shovel is 
designed. 
The time required to load the dipper often varies 

considerably from the average, as shown in Figures 6 
to 12 and Tables 2 to 4. Each of the eraphs shown 

covers a number of observations and shows the number 
of times the dipper was loaded in any given number of 
seconds. They show that a few of the loading times 
took very much longer than the others and reduced the 
average very materially. 
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Figure 6 shows a job in loamy clay where the per- 
formance was excellent. A comparatively large num- 
ber of dipper loads were secured in four seconds. The 
average loading time was 6.1 seconds, and there were 
only a relatively small number of dipper loads which 
took a long time to secure—an indication that a good, 
consistent operator was handling the shovel. The 
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average time during this study for the full cycle of 
loading, dumping, and return, however, was 20 seconds, 
since the swing was rather long and the material suf- 
ficiently moist to hang somewhat in the dipper. 

JOB CONDITIONS DETERMINE WHETHER MORE THAN ONE PASS 
OF DIPPER IS JUSTIFIED 

Special attention is drawn to Figures 9 and 11 as 
examples of good, consistent operation. In the case 
shown in Figure 8, work was in somewhat sticky clay 
in which it was hard to secure a full load. In about 

Ligot WorK WHERE More THAN THE AVERAGE AMOUNT 
OF TIME IS REQUIRED TO FILL THE DIPPER 

50 per cent of the cases observed, one lift of the dipper 
was used to secure a load, and in these cases the dipper 
load was secured in an average of less than seven 
seconds. In the remaining cases, two or three or even 
four passes were made to fill the dipper to the satis- 
faction of the shovel runner. The result was an 
occasional extension of the time required in filling the 
dipper to as much as a full minute. The average 
time for all of the studies was 12.2 seconds. Figures 
6, 9, and 12 show the results where the operator 
regularly made only one pass with the shovel, loading 
whatever he was able to secure. In these figures are 
noted the small number of very long readings, and 
such as occurred were due principally to stumps or 
heavy rocks. 

Table 2 shows the time required in making two or 
more passes to load the dipper where the shovel was 

operating in ordinary gravelly clay in moist to wet 
condition. The average time for loading the dipper 
when only one pass was necessary was 7.2 seconds. 
When two passes were required the time rose to 14.1 
seconds and to 21.2 seconds for three passes. Thus, 
each additional pass increased the time required to 
load the dipper by 95 per cent above the time required 
where only one pass was necessary. 

Loosg, Dry MatrreriaL FaLLiIng FRoM Top or Dipper 

TaBLE 2.—Time required in making multiple passes in loading 
dipper in a moist to wet gravelly clay 
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But production is the product of the number of 
dipper loads and the average quantity per dipper load. 
Consequently, the value of making additional passes 
is dependent on the amount of material which such 
passes will add to the dipper load and the speed at 
which the shovel is operating. If a 34-yard shovel is 
operating in fairly good common in which the average 
dipper load is about 0.5 cubic yard of material as 
measured in place, and the average operating cycle 
is 20 seconds, then production is at an average rate of 
0.025 cubic yard per second. If a second pass to fill 
an occasional dipper is to be profitable, it must serve to 
increase the dipper load at least at this rate, for the time 
required to make the extra pass. Thus, if six seconds 
are required to make an extra pass under the above 
conditions, it would not be warranted unless at least 
0.15 cubic yard could be added to the load. In other 
words, whenever the first pass secured as much as 
three-fourths of an average dipper load a second pass 
would not be warranted, considering the case from the 
viewpoint of shovel output alone. 

NOT POSSIBLE TO FORMULATE DEFINITE RULES OF PROCEDURE 

Definite rules can not be formulated since each 
operation is interrelated with many other possible 
conditions surrounding the entire job. It is possible 
to show the principles which apply and by means of 
which the proper procedure can be determined. It 
has been stated that the importance of securing a full 



258 PUBLIC ROADS Vol. 8, No. 12 

dipper load is greatest when the time required to load 
the dipper is in smallest ratio to the total shovel cycle, 
and vice versa. Therefore, more attention to securing 
a large dipper load is justified when loading at the rear 
of the shovel than when the loading is at the side. In 
shallow cuts, where much skimming i is required, dipper 
loads are almost certain to average a low quantity. 
Keeping the boom lower than normal will generally 
help in securing larger loads. On such work a con- 
siderable nmount of time is consumed in moving the 
shovel. If there is any considerable amount of dt 
the contractor may well consider the advisibility of 
using some other method on such portion of the work. 

It is not possible to state categorically that any one 
system of operation is always to be preferred. In the 
case illustrated by Figure 8 the swing was long and 
there was not enough hauling equipment on the job; 
so lengthening the dipper cycle i in order to secure a full 
dipper load did not, in fact, subtract much from the 
shovel output, while it tended to insure a full wagon- 
load every trip which increased the job output... In 
the cases shown in Figures 9 and 12 the shovel was a 
1l4-yard machine and two full dippers overloaded the 
wagons. As long as the operator could get one full 
dipper load out of two, he could send the wagons to the 
dump well loaded without making multiple passes. 
On this job the wagon supply, generally speaking, was 
above average so that fast oper ration was desirable. 

But, aside from the conditions prevailing on these 
two jobs and the rates attained, these two figures show 
several of the general characteristics of what, under 
normal working conditions, would be good operation 
and poor operation. A good operator working in 
anything like good material under favorable conditions 
of depth and face of cut obtains a loading diagram for 
his dipper like those in Figures 6, 9, and 12. A poor 
operator always has an operating record more or less 
like those in Figures 8 and 10. On the jobs represented 
by the first set of graphs the shovel was so handled that 
the desired load was obtained quickly with one pass of 
the shovel. On the jobs represented by the second set 
the rate was slower, and frequently two, three, or more 
passes were made to fill the shovel. 

SLOW LOADING MAY BE CAUSED BY SEVERAL FACTORS 

The position of the shovel with reference to the face 
of cut is in no small degree responsible for the repeated 
passes some shovel runners make in filling the dipper. 
The dipper is actuated by two separate and distinct 
motions—one, known as the “‘hoist,” tends to raise the 
dipper in a vertical circle about the point of intersec- 
tion of the boom and the dipper stick, while the other, 
known as the “crowd,” controls the length of the 
radius of the are in which the ‘‘hoist’’ moves the dipper. 
In loading, the ‘‘crowd”’ is used to force the dipper 
against the face of the cut, and on the swing to spot 
the dipper correctly over the hauling unit. When the 
dipper stick is in a vertical position the combined 
motion of the ‘‘crowd” and the “‘hoist”’ can drive the cut- 
ting edge of the dipper almost straight forward several 
feet, t, and when the dipper stick is horizontal the crowd 
serves to hold the cutting edge of the dipper hard into 
the bank. 

When loading the dipper from a bank less than 2 feet 
high, direct thrust forward into the bank is required, 
while on a bank 6 or more feet high the loading is 
generally best done by a longer swinging motion in 
which a compar atively thin slice is cut from the bank. 
For some reason it appears to be difficult to find opera- 

tors who will perform both operations equally well. 
To make the shovel function smoothly where the bank 
is low, it must stand close to the bank with the boom 
somewhat lower than normal and must be moved for- 
ward frequently. This is because the forward thrust 
of the dipper resulting from the proper combination of 
the “hoist” and “crowd” only reaches a relatively 
short distance. Cutting from a high bank is best done 
after the dipper has begun to turn definitely upward in 
its swing, which requires that the shovel should stand 
well back from the bank with the boom high. The 
superintendent who will watch this matter closely and 
drill his shovel runners in the proper positioning of the 
shovel for effective dipper loading will find the results 
eratifying. 

In addition to these causes of slow loading, viz, poor 
handling of the dipper itself and improper position of 
the shovel with reference to the face of the cut, the 
material itself is responsible for a good deal of slow 
digging. Banks composed of good-sized rocks em- 
bedded in a stiff clay are particularly troublesome. 
The runner can not see such rocks, and when the dipper 
strikes one it may be necessary to draw back and try 
again. Often two or three passes must be made— 
sometimes twice that many—before either a load of 
loose material is secured or the exact position of the 
rock defined so that it can be picked up. 

Tables 3 and 4 show something of the effect of the 
material on the time required for filling the dipper. 
Table 3 contains a few good illustrations of fast work 
in good common by shovel No. 1. A comparison of 
these tables will give a very fair impression of the dif- 
ference between work in good ground and work in 
difficult material. They do not show the quantities 
moved, but, in general, fast operation in good material 
was accompanied by large dipper loads and the quantity 
decreased with difficulty in loading as indicated by the 
time factor. 

TaBLE 3.—Effect of material on time required to load a 34-yard 
dipper as indicated by one-hour stop-watch studies with same 
operator throughout on each shovel 

SHOVEL NO. 1 

Time to F 
Kind and character of material load Hens 

dipper 

Seconds Feet 
— 

— 5 
Light clay and loam top soil, NO TOOUS OMStOnes aaa5 = aoe 
Light clay with small amount of soft shale? Seas) 2 ohare 
Loam aes 0 ns oe ee 
Light clay, free from rootsiand stonesusesees- se - os. ee eae 
Light oy Wat brsmall) sim Ovni 01/5112) Clee meeee eee ee enn ee 

Light Bie with increasing amount of shale______.____________- 
loamy: clays with Some roots: ses 2.7. seen seen ene 
Ordinary clay, free from roots and stones__.--..-.------------- 
Doamiy’ clayii8 to.= 2 2 See | ee ee ee eee eee ae 
Lightclay.and: soft shale spec. =e cpu aeene nme ee eee 
Loamy clay with loose rock in old roadbed_-___.--_-_.--______- 
Clay with/50\per cent loose shale... sees ase e se eee 
Hard clay with loose rock in old roadbed -_-..---.------------- 
Hardiclay-with loose rock -4._= 0s eae ee eee ee 

2 ay 

NNONSPRINKRSSAINSSONS SUIMnMoonnnooocoeoc°oconcoo WOINANNOOWURM WOOD WIEWO 
S tw ih 

| all aul aoa PS 0 D> > Sv GH OVS 1 OH Hh He G0 0 

Light clay, freefrom stones or roots . sees. eee Sena eee 
Light clay, practically free from roots and stones_-_____________ 
reat clay with old hard roadbed on one side 

Light to medium clay 
@layand soft shales. =... _. _ Sa ee ee 
Light clay with small amount of rock, side hill cut 
Clay and oe ae 

SU Oe Po Oop ie or Soconcouncoon FASS $2 SOND Or Or Or SCHRNYNUAONOCAWHY i" 

~— 

To 

————————— 
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TABLE 4.—Time required to load dipper in various kinds of mate- 
rial. Hach entry shows the number of one-hour studies in which 
the average time of loading fell within the range indicated. 
Studies were made on a great many typical jobs 

a ar as ore = lige eee > 
eas |a33 |6S | 98 |g ES 18k 14. Has |SRS | 8S iS ome | Sa 8 
wee | om 32 ad a us) me As x 3 5 ; Bae (Bas | 38 | gE8 eee los |8e 

— - = 

Bo hon | BR oleae ie elle. | a8 F x 5 sa | OS @ 3 | OS 
Average time to 42's gas ac er dae 83a Seg Be || Ge 

load dipper (sec- | ~aHeiseh | 528 | sas) 2/°ss | 8.8] 98 — nan 

oe Heb a wes Pe | Se28/S B82 sl sad | Fe guae/,ges| SBS | oss |S |ESs3| £24 | 28 moRgleS o| oak B28 3a ane BEG | ag 
> -OR Sar o is 2 < gest eeey 2s8 | see |S Bes) 2.3 | BE 

* =] = * SCASIZGER BSS /ASS)/S faSae| s546 | os 
A fo) Fy = ele fs) A 

rs 

Average time of 
loading in sec- 

LARGE ANGLE OF SWING CAUSES CONSIDERABLE TIME LOSSES 

Figures 13 to 15 show the time consumed in making 
the swing and returning the dipper for various angles 
of swing on three jobs. Under perfect operating con- 
ditions curves showing the rate of swing would probably 
be straight lines except for the influence of acceleration. 
That the points for one set of final observations do not 
all fall on the same line is due to the fallibillity of the 
operator and the many other factors influencing per- 
formance; each individual swing ordinarily being sub- 
jected to a set of conditions different in some particular 
from the others. 

The curves have not been projected to intercept the 
“-axis, since measurements were not made of the time 
loss in accelerating the dipper, but inspection of these 
and other graphs not shown indicates that the z- 
intercept or lag in getting the dipper started on the 
swing is variable for different shovels. It appears that 
the types of shovels with a slow-swing speed have a 
shorter lag, so that the actual time required for the 
swing and return, as shown in Table 5, is often as short 
or shorter for the slow-speed types so long as the angle 
of swing is small, but on the longer swings the higher 
speed types are considerably faster. Figures 16, 17, 
and 18 also show the variations found in the swing 
and return time under actual field operation. 

The portion of the swing and return time which 
has here, for want of a better term, been designated 
as the “lag’’ is evidently the sum of two or more 
factors. Time is required for the operator to react 
and manipulate the necessary mechanism, and it is 
also required to accelerate the shovel and its load 

85094—28——2 

TABLE 5.—Comparison of combined swing and return time for va- 
rious types of power shovels 

[The values are averages from field studies under ordinary operating conditions] 

| 

5 aac | Gas Steam | Gas and Gas 
Angle of swing | shovel | shovel | airshovel| shovel 

= | —| a” iB 

| Seconds | Seconds | Seconds | Seconds 
| 8.2 | . 0 8.2 Oe 7 

10. 4 | 9.0 9.9 8.4 
12. 5 | 10.0 | uhlegi3 | 1.2 
14. 6 11.0 | 13. 2 13.9 
19. 0 12.9 | 16.5 19.3 
23. 4 14.9 19.8 24.8 
25.5 15.9 | 21. 5 | 27.5 

| 

HaAnpDiina DirricuLtt MatTertIAL GREATLY INCREASES THE 
Crycie TIME 

from rest and again to decelerate it at the end of 
the swing. While it is very difficult to separate the 
lag into its purely personal and mechanical factors, 
the studies show very conclusively that the personal 
element involved is sufficiently large to warrant care- 
ful consideration because of its effect on the rate of 
production. For a good operator these reaction lags 
are small—generally less than one second. For a 
slow operator they will run twice this or even more. 
The difference of one or two seconds seems like a 
trifling matter, but the use of an operator who, because 
of these losses, takes 18 seconds where only 15 are 
necessary, reduces the rate of production almost 17 
per cent. To change an operator making a load every 
18 seconds for a man who takes 20 seconds reduces the 
rate of output about 10 per cent. With a good wagon 
supply and production running at a high rate, this 
can easily reduce the value of the output secured from 
$20 to $25 a day—about twice the ordinary wages of a 
first-class operator. It never pays to hire cheap, poorly 
trained operators on any sort of work requiring fast, 
uniform, consistent operation, and there is no point 
in highway work where this is more true than on 
power shovels. 

Reverting to the swing itself and starting with the 
90° swing (loading at the side of the shovel) which in 
good common and under favorable conditions can be 
done in 15 seconds, an extension of the swing to 180° 
(loading back of the shovel) extends the cycle by from 
three to eight seconds, depending on the type of shovel 
used and the skill of the operator. As a general average 
it may be said that loading behind the shovel extends a 
15-second cycle to 20 seconds, and by so doing reduces 
the attainable rate of output 25 per cent. 
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There is much work where loading at the side of the 
shovel is impossible, largely because of narrow cuts. 
Deep cuts sometimes make loading at thesideimpossible 
if the whole cut is taken out at one operation. In 
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Fig. 13.—INFLUENCE oF ANGLE OF SWING ON TIME oF SwING 
AND RerturRN BaAsepD oN 506 OPERATIONS OF A 34-YARD 
SHOovEL Hanpiine Poorty Buastep Rocx. Notre THAT 
THE Points LocATED FOR TIME OF SWING ARE Mucu Morr 
IRREGULAR THAN THOSE FOR TIME OF RETURN. THIS IS 
EXPLAINED IN PART BY THE HxTRA CARE REQUIRED IN 
Hanpiing Bow.pEers. AVERAGE Rate or Swine 32° PER 
Sreconp. AVERAGE Rate or Return 46° PER SEcoND 

general, however, there are many more situations where 
side loading could be practiced than are now utilized. 
Many contractors apparently feel that there are so 
many places where side loading can not be done that 

A Fuxiut Dipper Loap Breina Spotrep ror DuMPING 

nothing substantial can be gained by training their men 
to utilize such opportunities as occur. The advantage 
of such methods depends largely on the available 
supply of transportation which will be discussed in a 
following article. 

Extending the average swing to 270° is unqualifiedly 
objectionable and especially so where slow-swing shovels 
are used. ‘This extends the cycle to 25 or more seconds 
and correspondingly reduces the rate of output. Such 
operation may be caused by a cab arrangement where 
it is hard for the operator to see out of one side of it. 
To avoid swinging his load over objects he can not see 
clearly and running the risk of dropping material on 
men or animals he can not see, the longer swing is 
sometimes used. Poor vision also interferes with 

spotting the dipper exactly before dropping the load. 
Hauling units are usually placed for a swing from one 
side. This is important if rock is being handled, for 
while a good operator seldom drops any material it 
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Fig. 14.—InFLUENCE or ANGLE OF SWING ON TIME oF SwING 
AND ReturN BaAsED on 2,069 OPERATIONS OF A 34-YARD 
SHOVEL WORKING IN CLAYEY GRAVEL. AVERAGE RATE OF 
Swine 37.5° Per Srconp. AVERAGE Rate or RETURN 
46° Per SECOND 

270 

240 

nn o 

@ Ss 

a fo} 

nD S 

© So 

ANGLE OF SWING - DEGREES 

a o 

Ww i=) 

0 2 3 4 5 6 7 8 9 10 l2 ee ITA 15 

TIME OF SWING OR RETURN - SECONDS 

Fic. 15.—INFLUENCE oF ANGLE OF SWING ON TIME OF SWING 
AND RETURN, BASED ON 1,788 OPERATIONS OF A 34-YARD 
SHOVEL WorRKING IN GRAVEL AND LoosE AND BLASTED 
SHALE. AVERAGE RATE oF SwINnG, 18° Per Seconp. AvER- 
AGE Ratr or Return, 22° Per SEcoND 

takes very little to seriously injure a man or an animal. 
As a general rule, it may be said that an average swing 
of much over 180° is the result of improper equipment 
or faulty operating methods, but that occasions may 
arise when it is better to make a few 270° swings than 
to change the loading position of the hauling equipment. 

Table 6 shows the average time used in loading, 
swinging, dumping, and returning the dipper for 
several jobs where the swing ranged from 30° to 270° 
and when the swing was 90° or less. It is apparent 
that when the point of loading and the point of dump- 
ing are within the operator’s vision at the same time 
he can keep his mind far enough ahead of his work so 
that his general reactions are faster and all of his 
operations are conducted with more confidence. As 
he digs his load he determines where he will dump and 
the manipulations necessary in the process. As he 
drops it he determines where he will get the next bite, 
and soon. ‘The saving in time is small per load, but it 
is enough to make considerable difference in the day’s 
run. 
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TABLE 6.—Time required to load, swing, dump, and return shovel 
on various jobs where the swing varied from 30° to 270° and on 
the same jobs where it did not exceed 90° 

ANGLES OF SWING FROM 30° TO 270° 

Read- | | ‘ Total 
Shovel | “ings Load | Swing | Dump | Return eycle 

Number Seconds | Seconds | Seconds Seconds | Seconds 
Type A, Delaware County, N. Y-| 2, 033 12.8 4.6 Divi 4,2 24.3 

1 Of eae an es ee ee 1,788) 127; 8&3/] 40 7.5 32.5 
Type B, Pike County, Pa__.__-- | 2, 642 9.7 | 6.1 | 3.3 6.3 25.4 
Type C, Pike County, Pa__----- | 2, 069 10.0 7.1 | 4.4 7.6 29, 1 
Type D, Columbia County, | 

ING EY Phra wee ane eee cea nen 868 10.3 | 6.3. 3.5 5.4 24,5 
Type E, Hughes County, Okla__| 1, 734 9.4 4.5 2.1 5.5 D5 

ANGLES OF SWING 90° OR LESS 

Type A, Delaware County,N.Y-_| 1,781; 11.9| 42| 23/ 38| 222 
Dozczs eae aes Bo oS SORE Bal | 645 13.6 4.2 3.0 4.1 24.9 

Type B, Pike County, Pa_.___-- | 1,625 8.9 4.6 2.9 5.2 21.6 
Type C, Pike County, Pa_--._-- 634 10.0 6.3 3.5 5.9 24.7 
Type D, Columbia County, | 

INE OG Se eee eae 548 | 10.0 3.9 3.2 3.8 | 20.9 
Type E, Hughes County, Okla__ 1, 677 9.3 4.4 2.4 5.4 21.2 
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Fig. 16.—PERcENTAGE OF OPERATIONS OF Swineine, Dump- 
ING, AND RETURNING PpRFORMED IN VARiouS TiME INTER- 
vauts.! BAaseD on 1,058 Cycies or A 34-YarD SHOVEL WoRK- 
ING IN Sticky Cuay wiTtH AN ANGLE oF SwinaG or FRoM 
45° to 90°. AveRAGE Time or Swine 4.42 Seconps. AVER- 
AGE Time oF DumpiNa, 4.31 Seconps. AVERAGE TIME. OF 
ReturRN, 4.86 SECONDS 

1 Each of these curves (figs. 16 to 19) is in reality formed from the sum of a num- 
ber of superimposed curves having the general form of the skewed probability 
curve, but in the interest of clearness the points from actual field readings have 
been connected by straight lines. 
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Fig. 17.—PERcCENTAGE OF OPERATIONS OF Swinaina, Dump- 
ING, AND RETURNING PERFORMED IN Various TIME INTER- 
vALS.! BASED ON 658 CyrcLEs or A 34-YARD SHOVEL WORK- 
ING IN STICKY CLAY WITH AN ANGLE OF SWING OF FROM 
150° ro 180°. Average Time oF Swina, 6.23 SEconps. 
AVERAGE TIME or Dumpina 4.83 Srconps. AVERAGE 
Time or Return 6.10 Seconds 

DUMPING THE DIPPER 

The next item in the list going to make up the full 
cycle is discharging the load. This is an operation 
which requires great skill if it is to be done rapidly. 
The load must not be dropped from too great a height 
or the wagon will be damaged, and it must not be 
dropped too soon or too late or much of it will fall 
outside of the wagon. If the load is composed of 
loose common—light loam, sand, loamy clay, or rather 
fine gravel—an experienced shovel runner will drop it 
just as the swing ends and be ready to start the return 
as soon as the dipper comes to a stop. Im such ma- 
terial the fast operator really takes no time to drop 
the load, the time consumed being only that needed 
to stop the dipper and then start it on the return 
swing, and this can be done regularly in one second. 
Wet, sticky clays and other adhesive materials often 
require considerable shaking or jarring to get them 
out of the dipper. The time required depends on the 
skill of the operator but more largely on the average 
amount of shaking and jarring necessary to get them 
out of the dipper. It is not unusual to find dumping 
time in sticky materials regularly running as high as 
five or six seconds, though it necessarily varies with the 
degree of adhesiveness of the material. Considerable 
care must be taken by the operator to prevent injury 
to the wagons or trucks, which naturally slows down 

the rate of operation and large chunks often hang or 

wedge in the dipper and require manipulation to re- 
lease them. Roots and stumps are often very trouble- 
some in this respect. 

Table 7 shows how the average dumping time is 

affected by the kind and character of the materials 

found from one-hour stop-watch studies. Figures 16, 

17, and 18 show the time used in dumping material 
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from the dipper into the wagons or trucks under typical 
conditions. Figure 19 shows the average dumping 
time for a number of classes of material as found from 
the analysis of 10,200 readings secured on 18 different 
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Fig. 18.—PrRCENTAGE OF OPERATIONS OF SwINGING, DuMp- 
ING, AND RETURNING PERFORMED IN VARIOUS TIME INTER- 
vALs. Basep on 1,322 Cycues or A 1)4-Yarp SHOVEL 
WorKING IN CLAY witH Some BOWLDERS WITH AN ANGLE 
or Swine Varyina From 45° to 90°. AvERAGE TIME OF 
Swine, 4.62 Seconps. AvERAGE Time oF DumMpiNG, 2.23 
Sreconps. AVERAGE Time or Return 5.49 SeconpDs 

jobs with various grades of operators and six different 
makes of shovels. It will be noted that a considerable 
percentage of the operations were performed very 
rapidly. 

CRAWLER-TRACTION SHOVELS HAVE BIG ADVANTAGE IN SPEED 
OF MOVEMENT 

The movement of the shovel within the cut to keep 
within easy reach of the face constitutes a definite 
limitation to uninterrupted repetition of the dipper 
cycle and is a check on production which can not be 
entirely removed. The best that can be done is to 
train the operator to make these moves as expedi- 
tiously as possible. In deep cuts the time required is 
small, generally less than 1 per cent, where shovels 
with the latest crawler-type traction are used. In 
shallow cuts, however, the proportion mounts very 
rapidly and cases where 8 to 10 per cent of the total 
time is used in moving the shovel are not uncommon, 

TABLE 7.—L ffect of character of material on time required to load 
and dump dipper 

Time P 
Time 

Character of material belorpals Ne teoee i bone vations} dum dipper 
dipper | “PP 

Number) Seconds | Seconds 
Joamvand light clay..i2-6.s.4----.--=<- ear eee rae eee 722 1.0 4,2 

(oe 2 Sie eee R eRe MIN es 351 1.5 5.4 
Loamy clay and. soft:shale.-2- 2-2-5. se nese enna ae se ae 254 1.9 5.4 
Soft shales2...0. 22 2.3 Sale sc nce eenee eee 399 4.2 6.5 
Sandy clay..-22.- 2.2.22 2. eae eee 249 3.0 7.4 
Moist clays0--2<--.-=-2 Sic 2sso--5.s-ee ee eee eee eee ae 96 2.4 8.0 
Light clay, wet and gummy- nage Roe nae eee 173 4.6 8.1 
Clay and surface loam__-_--_- =e eee 692 1.9 8.4 
Sandy clay, moist tO wetascass.ssese- see eereee eee aoe 349 4.8 8.8 
Well blasted sandstone with 20 per cent light clay_ eee 229 1.8 9.3 
Olay witha few bowlderss. 222.22 22S2-Seeee ee eee ee eee 448 2.1 10.0 
Heavy clay, wet.and gumimy.222_2--2- eee 271 5.3 10. 4 
Clay with some surface bowlders__...---------...-------.- 2, 892 1.8 10.5 
Loam with loose rock and loose shale__-...-..----.-------- 6 2.8 10.5 

Does. Se Be eee 288 2.4 11.8 
Olay-gravele 2 sis Pe eee 506 137, 11.8 
Heavy clay, wet and Sticky2escesse soe see ee ee 83 6.0 12.0 
75 per cent loose shale with 25 per cent clay_-----_---.----- 579 3.2 12.4 
Heavy clay with a few bowlders...._....-..--------------- 101 2.0 12.5 
Woot clay with'some stumps.) 1225 2a eee ee ee eee 105 3.2 12.8 
Loam with 30 percent. 100se T0CK=— see eae eee 148 25k 13.5 
Rock; well blasted --.2-. =. ee 183 3.4 13.9 

DOs 2s. he i 2 eee eee 560 4,2 ie 
Hardishale;wellubleastedse: ssc ssee sass = eee eee ees 1, 434 2.6 16.4 
Gneiss; poorly blasted. 22. eeee ae ae eee eee 550 10.7 ~18.5 
50 per cent loose rock with 50 per cent unblasted shale rock - 3384|5-seeece 28.0 

800 

—— LOAMY AND SANDY SOILS 
as — —— WETAND STICKY CLAY 

seeeeee ROCK WELL BLASTED 
—-— ROCK POORLY BLASTED 

500 

NUMBER OF OPERATIONS 300 

DUMPING TIME-SECONDS 

Average dumping time 

Foamyrandesandy,SOlll Sas. ==ae ene seconds... _ 2.9 
Wet'and sticky clays) 7 ae eee do.Js2e 44,0 
Rock,iwell -blastedS 2. Saar aera ees doze senee4es 
Rock; poorly;blasted 222 = =a: ene foe (He) 

Fig. 19—NumBer or Dumpina OPERATIONS PERFORMED IN 
Various TIME INTERVALS IN DIFFERENT KINDS OF MATERIAL. 
BaseD on 10,200 OBsERVATIONS ON 13 DIFFERENT JOBS 

especially where the operator is slow or where the 
mechanism isin poor condition. Because of the general 
prevalence of insufficient hauling equipment it has 
become a more or less accepted practice to consider 
the time required for moving the shovel as of no im- 
portance, since it can usually be done while waiting 
for teams or trucks. This may seem like a good way 
of neutralizing an inherent shortcoming of the shovel, 

(Continued on p. 274) 



COMPARATIVE TESTS OF CRUSHED-STONE AND 
GRAVEL CONCRETE IN NEW JERSEY 

REPORT ON COOPERATIVE TESTS CONDUCTED BY THE NEW JERSEY STATE HIGHWAY COMMISSION AND 
THE U. S. BUREAU OF PUBLIC ROADS 

Reported by F. H. JACKSON, Engineer of Tests, Division of Tests, U. S. Bureau of Public Roads 

URING the summer of 1926 the New Jersey State 
Highway Commission, working in cooperation 
with the Bureau of Public Roads, conducted a 

series of concrete tests at the Trenton laboratory of the 
commission, for the purpose of determining the relative 
quality and economy of concrete paving mixtures in 
which 13 different gradations of crushed stone (trap) 
and gravel were used as coarse aggregate. The inves- 
tigation involved the making and testing of approxi- 
mately 150 concrete beams, 8 by 8 by 48 inches in size 
and 250 concrete cylinders 6 by 12 inches in size. 

This report describes in order (1) the various reasons 
which led up to the investigation, (2) the procedure fol- 
lowed, (38) the results secured, and (4) the conclusions 
reached, and makes certain recommendations relative 
to the application of these results. It should be borne 
in mind that this series of tests was initiated for the pur- 
pose of studying the relative merits of two different 
types of coarse aggregate 
produced under certain con- 
ditions. The results can 
therefore be considered as 
applicable only to the same 
kinds of material, produced 
inasimilar manner. Inorder 
to make possible the draw- 
ing of more general conclu- 
sions as to the effect of type 
and gradation of coarse ag- 
eregate upon the quality of 
concrete a series of tests 
has been started at the 
Arlington laboratory of the 
bureau. These tests are 
similar to those described here but involve seventeen 
types of coarse aggregate instead of two. It is antici- 
pated that conclusions suitable for general application 
will be justified by these tests, but in the meantime 
those presented here should not be considered as hav- 
ing any application beyond the particular conditions 
involved. 

REASONS LEADING TO INVESTIGATION DISCUSSED 

in which gravel was used. 

it belongs. 

The practice followed in New Jersey and most other 
States of specifying the same proportions of cement and 
eraded aggregate for concrete, regardless of the void 
content of these aggregates, has resulted in securing for 
eravel aggregate an appreciable economic advantage 
due to the increased yield of concrete obtained from the 
eravel aggregate on account of its low void content, 
as well, as its lower cost compared with that of 
crushed stone. These facts, together with the other 
natural advantages possessed by gravel, such as the in- 
creased workability of the resulting concrete, have made 
its use in general more economical than crushed stone. 

HE CONCLUSIONS drawn from these tests should 
alk not be interpreted as indicating that crushed 

stone as a type is superior to gravel as coarse 
aggregate for cement concrete pavements, but only as 
indicating that for the particular conditions and kinds 
of materials involved, concrete in which crushed trap 
rock was used showed an average flexural strength 
approximately 12 per cent higher than similar concrete 

Tests now in progress at the Arlington Laboratory 
using 17 different coarse aggregates give preliminary 
indications that materials similar to those used in this 
investigation will give similar results, but also that the 
characteristics of the particular aggregate used may 
be fully as important as the type of material to which 

Such a condition would not in itself warrant any 
change in the existing methods of proportioning. It 
must be remembered, however, that the arbitrary pro- 
portions which are set are only a means to an end which, 
in this case, is the production of concrete possessing cer- 
tain definite essential physical properties. If a specifi- 
cation is to be considered adequate it must be assumed 
that, as long as the various details of the specifications 
relative to materials and construction processes are 
complied with, concrete of substantially uniform qual- 
ity will be obtained; in other words, that any variation 
in either type or gradation of aggregate within the 
specification limits will not result in any essential 
change in the quality of the product. 

The standard road specifications of the New Jersey 
Highway Commission require that concrete for pave- 
ments shall be mixed in the proportions of 1 part cement 
to 134 parts sand and 314 parts coarse aggregate by 

volume measured in a loose, 
dry condition. In the de- 
termination of the field 
mix, the amount of sand is 
proportioned on a dry, loose 
basis; that is, a bulking 
correction ismade. Either 
crushed rock or gravel con- 
forming to certain require- 
ments as to quality and gra- 
dation may be used. This, 
as has been pointed out, 
results in the production of 
more concrete per unit vol- 
ume of cement when gravel 
is used as coarse agere- 

gate than when stone is used, due of course, to the 
higher void content of the crushed stone aggregate. 

It has been repeatedly urged by the crushed-stone 
interests in New Jersey that concrete produced from 
crushed stone is of a better quality than that produced 
from gravel due to the difference in character of these 
two aggregates and to the higher cement content of the 
stone concrete, as expressed in terms of volume of 
cement required to produce a unit volume of concrete. 

If these claims are true, they are of considerable sig- 
nificance, because it means that, if the gravel concrete 
produced under the present specifications is satisfactory 
in quality, the use of crushed stone results in the pro- 
duction of a higher quality of concrete than is demanded 
by the minimum requirements of the specifications. 
If, on the other hand, the crushed-stone concrete is no 
better than it should be, the obvious conclusion is 
that the gravel concrete will not meet the minimum 
requirements. In either event, if it is shown that the 
type of aggregate does affect the quality of the concrete 
to an appreciable degree, some readjustment should 

263 
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be permitted in order to insure concrete of equal quality 
irrespective of the type of aggregate used. 

SCOPE OF TESTS AND MATERIALS DESCRIBED 

Recognizing the importance of this problem from 
both the engineering and economic points of view, the 
Bureau of Public Roads and the New Jersey State 
Highway Commission undertook a study of the ques- 
tion through a series of carefully controlled laboratory 
tests}to determine the following: 
,l. The relative strength and yield of crushed-stone 

and gravel concrete of the same proportions and con- 
sistency, and with the same size and grading of coarse 
aggregate. 

2. What grading of coarse aggregate and what pro- 
portions of fine to coarse would give the greatest yield 
for each type of aggregate, when the concrete is de- 
signed for a given strength. 

In discussing the essential characteristics of paving 
concrete, it is herein assumed that in so far as strength 
is concerned, resistance to bending or flexure is of more 
significance than is resistance to crushing. Many en- 
gineers, in designing concrete pavements, employ the 
flexural strength of the concrete in calculations for edge 
and center thickness of slabs under given conditions of 
load and accept it as the criterion of quality rather 
than the compressive strength. It is obvious, there- 
fore, that factors influencing flexural strength are of 
critical importance in so far as pavement concrete is 
concerned. 

To secure flexural-strength tests that would not be 
unduly influenced by the size of the aggregates used, 
it was decided to make the major strength comparisons 
from the results secured with concrete beams 8 by 8 
by 48 inches in size, tested as cantilevers for flexural 
strength using a device similar to that described by 
Clemmer in Public Roads for May, 1926. It was 
also decided to use the ends of the beams from the 
flexure tests as compression specimens in determining 
the crushing strength of the concrete as well as the 
6 by 12 inch cylinders which were cast for this particular 
purpose. Tests were to be made on all specimens 
at the age of 28 days, as well as additional series of 
tests on the 1:134 :314 specimens at the age of six 
months. Accurate measurements of the yield of con- 
crete obtained from each batch were also to be taken. 

Thirteen gradations of crushed trap rock and gravel 
were employed, ranging from a 3-inch maximum down 
to a l-inch maximum size. Well-graded and poorly 
graded combinations were used, the object being to 
cover quite a wide range of coarse-aggregate gradations 
within these limits. The exact screen analysis of each 
combination is shown in Table 1 and is plotted graphi- 
cally in Figures 1 and 2, which also show the present 
New Jersey State requirements for crushed stone for 
concrete pavements. State requirements for gravel 
for concrete are similar to those for crushed stone 
except that more material finer than one-half inch 
is permitted in the gravel than the crushed stone. 
For convenience in visualising the gradings of the 
coarse aggregate, the fineness modulus of each combi- 
nation was calculated and is shown in Table 2, together 
with the ‘‘maximum size,” a value to be used in 
connection with any design calculations which might 
be made by the fineness-modulus method. This 
table also shows the percentage of fine aggregate 
required by the fineness-modulus method for each 
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TABLE 1.—Gradings of coarse aggregates used in tests 

Coarse Total per cent passing screens with round openings 
agegre- D 
gate 

grading! 3.inch |2}4-inch| 2-inch |134-inch| 1-inch | 34-inch | 34-inch | 34-inch 34-inch 

giesore 100 80 65 | 45 30,)/So2eene= 15 5 0 
De scek ee 100 75 50 25 Ooleuc se ool et 0 ee ee 
Peet eeeee eee. 100 85 70 50 40 25 5 0 

sigs A ee eae 100 75 55 35 25 15 5 0 
OSps ssee je oseeeee 100 65 35 OQ: |nsodeet cleo ct Stu ee 
eS a ee Sa 100 85 60 40 30 10 0 
secieon Waseagshls satel! 100 70 40 30 20 5 | 0 
veer enaltees sacs eaten 100 60 20 On eas at ee ee eee 

Gece teenies Bank sei e 100 49 30 25 20 5 0 
TORE S23. ease eal seen ty. ee 100 80 60 40 10 0 
ees ke Oe 8 ees ee See ae 100 60 40 15 5 0 

Ba a SY eye et i pea ee ge oe, aed 100 40 10 Ove ck ae Bese oreo 
pee | ae ae ee Ne rE RAD 100 50 O” 2 2a2. ote seemeee 

t 

gradation calculated on the basis of the sahd employed 
in these tests. 

The crushed stone was obtained from Bound Brook, 
N. J., and the gravel from Morrisville, Pa. The rock 
is representative of the extensive deposits of basalt 
(trap rock) quarried in northern New Jersey. This 
material is very hard and tough, showing a percentage 
of wear of 2.2 (French coefficient equals 18.2), apparent 
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specific gravity of 2.97 (weight per cubic foot, solid, 
185 pounds), and a water absorption of 0.05 per cent. 
The gravel is representative of material of the type 
used extensively throughout this region. It consists 
essentially of rounded fragments of sandstone, flint, 
and quartz, has an apparent specific gravity of 2.65 
(weight per cubic foot solid, of 165 pounds) and a 
water absorption of 0.68 per cent. 

TABLE 2.—Fineness moduli of aggregates used in tests 

. Maximum} Fineness Sand re- Coarse aggregate grading No. size aod quired ! 

_ Inches Per cent 
3 8.0 31 
3 8.6 39 
3 7.5 | 30 
3 lao 30 
3 8.4 37 
1% te || 35 
2 7.5 30 
2 8.0 37 
2 7.6 32 
1 6.8 | 39 
1% 7.3 | 37 
1% a el 42 
1 ten 45 

Bet Soh af ad BRU r | Pee eee 

1 Calculated by fineness-modulus method for a designed strength of 3,500 pounds 
per square inch, slump of 1 inca and with the sand employed in these tests. 

The fine aggregate used in the tests was also obtained 
at Morrisville, Pa., and meets all the conventional 
tests for first-grade concrete sand. The physical 
properties of the sand are shown below. Its apparent 
specific gravity was 2.65 (weight per cubic foot, solid, 
165 pounds and its weight per cubic foot, dry, and 
shaken to refusal 108 pounds). 

Physical properties of fine aggregate consisting essentially of suban- 
gular quartz grains containing some chert and sandstone 

Sieve analysis: 
Total retained on 14-inch screen___------ per cent_-_ 7 

INO. LO sieve. = seco ek eee dowaee 24 
INO. 20 Bie ve aes ae cae doses 38 
No +30 sieve. Wate merase: Gass 4 62 
IN O3:50' sieve Jae ee eee douees 86 

; Wo;,..L00 sieveve seen sees oes. 95 
SPL 9G LG, 9: RE eae OE Py rk Baad oswee a 18 
Weight per cubic foot (shaken to refusal)_-pounds-_ 108 

Tensile strength ratio at 7 days_._._.-_------- pervcentiw #123 
28 AS87853 See ees domes 120 

The cement was a standard Portland passing all 
physical test requirements. It was a brand used ex- 
tensively in New Jersey. 

TABLE 3.—Weight per cubic foot and percentage of voids of coarse 
aggregates 

Crushed stone Gravel 

Coarse aggregate grading No. 
Weight Weight 
per cubic! Voids |percubic} Voids 

foot foot , 

Pounds | Per cent | Pounds | Per cent 
110 41 108 34 
97 48 97 41 

106 43 107 35 
103 44 108 34 
94 49 96 42 

102 45 106 36 
fe ee BE FS a ea ee oe ee 103 44 105 36 
(Dyce SS Ee Ae ee 97 48 97 4] 
Pe Cee ie haat ect ae nes ones wees 104 44 107 35 
TOS Nee pe Py ae ee oe ee 97 48 105 36 
fl emerere rats Ae er Pee a Bs suse ee 98 47 104 37 
eee see ee eae en ote e eae te 94 49 98 41 
Ie oe ee ee a nae 90 51 96 42 

The percentage of voids for each aggregate in each 
of the 13 grading combinations as calculated from the 

i 

apparent specific gravities and the unit weights are 
shown in Table 3. These values were used in all calcu- 
lations of volume-weight relations. 

TEST PROCEDURE FOR SERIES A 

In series A the concrete was proportioned by volume, 
using a nominal mix of 1:134:31%. As far as could be 
measured by the use of the flow table, a constant con- 
sistency was maintained throughout the series, the 
quantity of water being varied as necessary. The 
flow test was made on the 30-inch flow table, using 
30 drops from a height of one-half inch. In this 
report the flow is expressed as the final diameter in 
tenths of inches of a truncated cone of concrete, which 
had an original diameter at the base of 10 inches. For 
example, a flow of 140 indicates a final diameter of the 
base of 14 inches. The consistency employed, which 
was as nearly as possible that required in actual con- 
struction, gave a flow of 140 corresponding to a slump 
of from 1 inch to 2 inches. It was found necessary to 
vary the water-cement ratio from 0.67 to 0.83 in order 
to maintain a constant consistency throughout the 
range of coarse-aggregate gradings. The water-cement 
ratios used in series A are given in Table 4. No cor- 
rection for water absorbed by the aggregate was made 
in calculating these values. 

TABLE 4.—Water-cement ratio used in series A to produce concrete 
of uniform consistency 

[Proportions: 1:134:314 by volume. Consistency: Flow equals approximately 140] 

Water- | Water- Water- Water- 
cement cement cement | cement 

oh ratio for | ratio for OE ee ratio for | ratio for 
q stone gravel 8 ‘ stone gravel 

concrete | concrete concrete | concrete 

0. 76 | 0. 76 0.71 | 0. 74 
69 . 70 76 . 74 
76 Brit . 83 | sibs) 
a2 4d) . 74 . 74 
. 68 . 66 ie .70 
76 75 79 | . 74 

| 74 72 |I 

The actual quantities of materials required for each 
batch of concrete were determined by weight, using 
the volume-weight relations given in Table 3. A suf- 
ficient quantity of each size of aggregate was weighed 
for each batch, so as to secure the required total vol- 
ume. In this way, all tendency toward segregation 
was avoided. In order to properly gauge the quantity 
of water required for each test batch, a trial batch of 
the same proportions was mixed by hand and the 
proper amount of water determined by trial. This 
procedure, while adding considerably to the labor in- 
volved, resulted in test batches of much greater uni- 
formity in consistency than would otherwise have been 
possible. 

The actual test batches were mixed in a 1-bag 
gasoline-driven mixer. For the gradings numbered 1 
to 5, inclusive, the quantities of materials used in 
each batch were based on a coarse aggregate volume 
of 1.8 cubic feet, producing a slight excess of concrete 
over that required for one beam. For the gradings 
numbered 6 to 13, inclusive, quantities were based on 
a coarse-aggregate volume of 2.4 cubic feet, producing 
sufficient concrete for one beam and three cylinders. 
All batches were mixed for two minutes after all in- 
gredients had been added. After mixing, the batch 
was dumped upon a water-tight platform, flow tests 
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for consistency made, and specimens cast. Concrete 
was rodded into molds in accordance with aproved 
methods of molding. Accurate determinations of 
yield were made by determining both the volume and 
the weight of the concrete remaining after the speci- 
mens had been cast. 

Specimens were cured for 24 hours under damp 
cloths in the laboratory, after which the forms were 
removed and!the specimens placed in a moist room 
until tested. Tests were made at 28 days and at 6 
months. 

To eliminate the effect of other variables on the 
relative strength of the crushed-stone and gravel con- 
crete, specimens employing crushed stone and gravel 
of the same gradation were always cast in pairs. 
The entire series of gradations was also completed 
before being repeated, several days usually elapsing 
between the first and second rounds. Variations in 

temperature and humidity conditions throughout the 
test were compensated for in this way, making possible 
a more satisfactory comparison of the effect of aggre- 
gate grading on strength. 

In testing the beams for flexural strength, two breaks 
were made on each specimen and the results averaged 
and reported, after calculation, as the modulus of rup- 
ture for the round. (See Table 5.) The correspond- 
ing values for round 2 were obtained in the same way. 
The average of the two rounds was reported as the 
average value for the type of aggregate, the grading, 
and the age involved. Hach average value for modulus 
of rupture represents four breaks on two specimens 
tested on different days. 

Average compression test values, as given in Table 6, 
were obtained in the same manner, except those for 
gradings Nos. 6 to 13, inclusive, each value for each 
round is the average of tests on three cylinders. 

Tasup 5.—Flexural strength of concrete specimens of series A mixed in the proportions 1: 134 :3814 by volume (nominal mix) and 
with a flow of approximately 140} 

| Modulus of rupture, 28-day tests Modulus of rupture, 6-month tests 

Coarse aggregate grading No. Stone Gravel Stone Gravel 

Lbs. per | Lbs. per | Lbs. per | ibs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per 
Sq. in. Sq. in. Sq. in. sq. in. | sq. in. Sq. in. Sq. in. &q. in. Sq. in. Sq. in. sg. in. sq. in. 

545 565 555 475 530 500 610 670 640 590 585 590 
535 515 §25 470 455 460 610 590 600 575 590 580 
620 575 600 455 510 480 630 655 640 580 560 570 
600 630 615 520 530 525 680 650 665 605 600 600 
540 625 580 530 555 540 675 705 690 610 590 600 
550 555 550 455 490 470 705 770 740 625 555 590 

7p RS A nS Sei IE BEE © A ee er 505 465 485 435 480 460 680 655 670 635 555 595 
a Ine. Lok ee Lem Meer me ceil t - aa 515 515 515 435 475 455 770 660 715 655 560 610 
Oe ee eed pots Ae ae ee ee. ae | 550 630 590 490 605 550 700 780 740 695 675 685 
iMG tLe Ret ear Seen on a eae ee a ee: 575 610 590 540 555 550 605 735 670 595 640 620 
Lae eee RET Ee Pe ee ee ee ee 690 610 650 560 490 525 670 645 660 645 550 600 
ge ae, Se ee eee wee BAA YA? bE 525 585 555 520 465 490 675 685 680 580 - 655 570 
i) Seen a 1 eek tee Sate a eee eee 555 575 565 565 535 550 | 690 720 705 630 580 605 

AN OLAGO: 5H ot ae a2. 2 eee O10 sewer eeeallt soem 505". o<c-setes|eseateeeee G80 isoeeae sees | cokes ae 600 
Maximum 2.23225 fac ebe en ion. 2 eee eee ee 650) poste eee 550 0|ce ee. = ee TAO Ne ok Os eee 685 
Mini niu ees ee ae eee | ae On eee eet oe ARG iiss Meme nene | Samet aa 455" 2os5- 32 | een 600: | Se eae Se eae 570 

1 Determinations made on concrete beams 8 by 8 by 48 inches in size, tested as cantilevers. Each value is the average of two breaks on one beam. 

TABLE 6.—Compressive strength of concrete specimens of series A mixed in the proportions 1:134:81% by volume (nominal mix) and 
with a flow of approximately 140} 

Crushing strength, 28-day tests Crushing strength, 6-month tests 

Coarse aggregate grading No. Stone Gravel Stone Gravel 

R oye Found Average eee Round Average oe Be Average ath are Average 

| | | 

Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per 
sq. in. sq. in. Sq. in. Sq. in. sq. in. sq. in. sq. in. Sq. in. Sq. in. Sq. in. sq. in. sq. in. 

Lae 2 Soe he oe eee ee See: ees 4, 255 3, 160 3, 710 3, 580 3, 020 3, 300 
De CE 2S Od a ee” 3, 955 3, 050 3, 500 3, 600 3, 455 3, 530 
eee 5s) 5 eae. seek, Se ee. (eee 4, 300 3, 385 3, 840 3, 595 3, 565 3, 580 None made. 
Bie Pe NS Sein ae eet as oo See. 3, 630 3, 470 3, 550 38, 255 3, 440 38, 350 
NR ee ee ee eee Eee LE ee 3, 510 3, 760 3, 635 3, 475 3, 370 3, 420 
a a ee eee 3, 285 | 2, 860 3, 070 3, 070 2, 890 2, 980 4, 630 5, 085 4, 860 38, 345 4, 700 4, 020 
(oS EP Se Res Oe eh peo sosen ae a= 3, 145 | 2, 920 3, 030 38, 115 3, 360 3, 240 4, 050 4, 205 4, 130 4, 090 4,145 4, 120 
Bie heer Pee ae eee A eae ee 3, 230 2, 720 2, 975 2, 740 2, 685 2, 710 4, 5385 38, 405 * 8,970 4, 420 3, 110 8, 765 
UAE Cae eae tae Mr ae Bee es ey | 38, 215 8, 505 38, 360 2, 860 3, 510 3, 185 38, 880 4, 090 3, 985 3, 740 4, 570 4,155 
gett tx ey Bae ee Sa See SAE ee SOE, 38, 830 38, 020 38, 425 3, 620 3, 600 3, 610 4, 695 38, 945 4, 320 4, 220 4, 525 4, 370 
ti) (ie es 2. Oe eee ee ee et Pee Me ae 3, 715 3, 285 3, 500 3, 635 3, 490 3, 560 4, 780 3, 295 4, 040 4, 610 3, 655 4,130 
2: eee eae So ee Oe eee ge Te 3, 530 2, 410 2, 970 3, 540 3, 070 3, 305 4, 420 3, 725 4, 070 4, 205 4, 305 4, 255 
i ee ON et ee et oe eee sagen 3, 540 2, 890 8, 215 38, 600 3, 725 3, 660 4, 030 8, 595 3, 810 4, 495 4, 695 4, 595 

IV OVER. 0 nate n ee renee een ee eae ee 8 7) a a Sse oe Bee se 8,040 ids. leek A oe ee 451.50) is ee See eee 4,180 
Maximum_- 37840 Nee ee ee 3,060) |oo2 255 hee 4,860) oe <os Se eee 4, 595 
Minimum 25,070 A Seee ease EG ee Soe Dei LO)! sete Soneee| 2 - 3, 810 Weteocce one |-oeeenwaes 3, 765 

1 For coarse aggregate gradings Nos. 1 to 5, inclusive, crushing-strength tests were 
For coarse aggregate gradings Nos. 6 to 13, inclusive, crushing-strength tests were made 

made on portions of beams from flexure tests; each value is the average of two tests 
on 6 by 12 inch cylinders; each value is the average of three tests. 

ie a 
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TEST PROCEDURE FOR SERIES B 

In series B an entirely different method of propor- 
tioning was employed, but the various details of mixing, 
molding, curing, and testing were exactly the same as 
in series A. In this series the concrete was designed 
according to the so-called trial method application of 
the water-cement ratio theory which is being advocated 
by the Portland Cement Association and which is 
described in a bulletin! published by the association. 
The design called for a crushing strength at 28 days of 
3,500 pounds, using a water-cement ratio of 0.72. 
The object was to secure data showing how variations 
in the type and gradation of coarse aggregate and the 
ratio of fine to coarse aggregate would affect the 
strength and yield when proportioned by the trial 
method. 

To secure a uniform consistency as used in series A 
but with a constant water-cement ratio, the procedure 
in determining the proper proportions was as follows: 

A paste of water and cement in the ratio required 
(0.72) was prepared and added to a mixture of fine and 
coarse aggregate until a consistency was obtained ap- 
proximating a flow of 140. Three mixtures of fine 
and coarse aggregate were used. They were propor- 
tioned by volume in the following ratios, 33:67, 36:64, 
and 40:60. Trials were made with small hand-mixed 
batches for each type and grading of coarse aggregate, 
using each of the ratios of fine to coarse aggregate, and 
the proportions for the test batches were calculated 
from the resulting weights. The calculated proportions 
in series B for all combinations are given in Table 7. 
This work was done in strict accordance with the pro- 
cedure recommended by the Portland Cement Associa- 
tion for the design of concrete mixtures. 

There were slight differences in consistency between 
the machine-mixed batches and the small trial batches, 
even when gauged with the same amount of water, and 
some preliminary experimental work was necessary to 
establish the relation between the two. After a little 
experience it was found possible to proportion the trial 
batches for a water-cement ratio of 0.72, so that the 
consistency of the large test batches after two minutes 
mixing would not vary more than +5 points from a 
flow of 140. Any batches showing a greater deviation 
were discarded. 

The necessity of maintaining a uniform consistency 
was recognized. It is realized, of course, that there is 
an intimate relation between consistency, water-cement 
ratio, and proportions for different gradations of 
aggregate. If any two of these factors are kept con- 
stant, it is necessary to vary the other whenever the 
ageregate grading varies. In this case only the coarse 
ageregate varied and the sand remained constant. In 
series A the proportions and consistency were kept 
constant and the water-cement ratio varied, while in 
series B the consistency and water-cement ratio were 
kept constant and the proportions varied. The latter 
is, of. course, the rational method if we assume that 
strength is proportional to water-cement ratio within 
the range of workable mixtures. 

STRENGTH DATA OBTAINED IN SERIES A DISCUSSED 

As previously stated, the tests included in series A 
were made to obtain some definite information as to 
the relative strength and yield of crushed-stone and 

1 DESIGN AND CONTROL OF CONCRETE MIXTURES, published by the Portland Cement 
Association, Chicago, Ill. 

geavel concrete when proportioned in accordance with 
current New Jersey specifications and with the various 
coarse-ageregate gradings indicated. 

The results of the flexure tests at both 28 days and 
6 months are given in Table 5 and are plotted in Figure 

An examination of this table indicates that the 
crushed-stone concrete is considerably higher in flexural 
strength than the gravel concrete. The average 
increase for all 13 gradations is seen to be 65 pounds 
per square inch at 28 days, and 80 pounds per square 
inch at 6 months; approximately 13 per cent in both 
cases. The concordance of the results is quite remark- 
able in view of the rather limited number of test 
specimens involved. Out of a total of 52 pairs of test 
specimens in the group, the crushed-stone concrete 
shows higher flexural strength in 49 cases; the values 
are the same in one case and the gravel concreteshows 
higher values in two cases. An inspection of the 
averages of the two rounds shows the crushed-stone 
concrete higher in all cases, as is indicated graphically 
in Figure 3. The results given in Table 6 and plotted 
in Figure 4, however, indicate that this difference is 
not reflected in the crushing strength of the concrete, 
the crushed-stone concrete in this case averaging prac- 
tically the same as the gravel concrete at each period. 
These tables and figures do not reveal any consistent 
relation between either maximum size or gradation 

CRUSHED STONE 

GRAVEL 
MODULUS OF RUPTURE — POUNDS PER SQ. INCH 

1234567869 101213 $2345678 910 11 i213 

GRADING NUMBER 

Fic. 3.—REsuULTS OF FLEXURE TESTS OF CONCRETE SPECIMENS 
oF Series A 

CRUSHED STONE e—e 

GRAVEL o---O 
CRUSHING STRENGTH—POUNDS PER SQ.INCH 

$234 5678 9 10 II 1213 5 6789 105! i213 (234 

GRADING NUMBER 

Fig. 4.—ReEsuuts oF CRUSHING STRENGTH TESTS OF CONCRETE 
SPECIMENS OF SERIES A 

of coarse aggregate and the strength, either flexural or 
crushing. This is not particularly surprising in view 
of the small number of specimens of each gradation 
represented. This would seem to indicate that possibly 
variations in grading do not have a very marked 
effect upon strength, at least in so far as concrete of 
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this particular proportion (1 : 134 : 3%) is concerned. 

It is true that a number of the mixes were undersanded 

when judged by the standard set-up by the fineness- 

modulus method of proportioning. Gradings Nos. 2, 

5, 8, 10, 11, 12, and 13 when proportioned by this 
method would require a sand-coarse aggregate ratio 
of approximately 2 :3 instead of 1: 2 as given by the 
1:1384 :3% mix. 

In the case of the smaller aggregates, as for instance 
gradings Nos. 10 to 13, inclusive, it is probable that 
this additional sand would have necessitated sufficient 
additional water for the same consistency to cause an 
appreciable lowering of the strength. Variations in 
the water-cement ratio required because of variations 
in coarse-aggregate grading with a fixed quantity of 
sand, as used in this series (Table 4) do not appear to 
be sufficient to affect the strength consistently. This 
fact is of considerable practical significance because it 
indicates that changes in the water content made 
necessary on the job to maintain a given consistency 
when variations in coarse-aggregate grading occur 
do not affect the strength as much as is sometimes 
supposed. There is, however, a very appreciable 
effect on yield, and therefore on relative economy, 
which will be discussed later. 

STRENGTH DATA OBTAINED IN SERIES B DISCUSSED 

The data secured as the result of tests of series B are 
interesting because we have not only an opportunity 
to study variation in strength for a fixed water-cement 
ratio, but we can also study the effect of variation in 
the ratio of sand to coarse aggregate on the strength 
and yield. It will be remembered that in this series 
the concrete was proportioned by trial so as to give a 
consistency of 140 by the flow test for a water-cement 
ratio of 0.72 and that three sand-coarse-ageregate ratios 
were employed, 33 : 67, 36:64, and 40:60. The actual 
proportions which were derived are given in Table 7, 
and vary all the way from a1: 1.67 : 2.50 mix for grading 
No. 10, stone (40:60 ratio), to a 1:1.98:3.96 mix for 
grading No. 2, gravel (33:67 ratio). The resulting yield 
and therefore economy of these mixes will be discussed 

700 

CEE a 600 | AVA pe eS 
Oy WA IMT A Ne Ta 

later. These mixes were all designed to give a crushing 

strength at 28 days of 3,500 pounds per square inch. 

TABLE 7.—Proportions used in series B to obtain flow of 140 
with water-cement ratio of 0.72 

Coarse | Ratio sand to coarse | Ratio sand to coarse Ratio sand to coarse 
aggre- aggregate 33: 67 | aggregate 36: 64 aggregate 40: 60 

ae | : 2 |- 
radin 
NOU Stone Gravel Stone Gravel Stone | Gravel 

1a ee 1:1. 68:3.37) 1:1. 72:3, 44) 1:1. 72:3. 06] 1:1. 81:3. 22) 1:1. 78:2. 67| 1:1. 85: 2. 78 

2S ae | 1:1, 96:3. 92) 1:1. 98:3. 96; 1:1. 96:3. 49) 1:2.01:3. 58) 1:2.05:3.07| 1:2. 14:3. 21 

oss S 1:1. 62:3. 24| 1:1. 68:3. 36) 1:1. 70:3. 03) 1:1.82:3. 24) 1:1. 86: 2.79, 1:1. 92:2. 88 

4 seuea 1:1. 79:3. 58} 1:1.63:3. 27) 1:1. 84:3. 28) 1:1. 85:3. 29] 1: 1.93: 2.90) 1:1. 99: 2. 99 

ie ae ee 1:1. 88:3. 75 1:1. 90:3. 80 1:1.97:3. 51) 1:1. 99:3. 55) 1:1. 92: 2,88 1:2. 18:3. 28 
6a ee 1:1. 52:3. 04) 1:1.55:3. 11) 1:1. 63:2. 90) 1:1. 66:2. 95| 1:1.84:2. 76) 1:1. 88:2. 82 
yarns NS | 121.5723. 14) 1:1. 70:3. 39) 1:1.80:3. 20) 1:1. 73:3. 08) 1:1. 82: 2.73) 1:1. 88:2. 82 
See | 1:1. 84:3. 68) 1:1. 87:3. 75| 1:1. 93:3. 44| 1:1.95:3.47 1; 2. 02:3, 03} 1: 2. 01: 3. 02 
Lo eee ae 8 1:1, 67:3. 34| 1:1. 71:3. 42) 1:1.90:3. 38] 1:1. 81:3. 22) 1:1. 78:2. 68, 1:1. 89: 2. 88 
1022 | 1:1.47:2.94| 1°1.47:2.94| 1:1. 53: 2.72} 1:1. 52:2. 71| 1:1. 67:2. 50, 1:1. 78:2. 68 
Lee | 1:1,59:3. 18| 1:1. 62:3. 24) 1:1. 70:3. 03] 1:1. 72:3. 06) 1:1.91:2. 87) 1:1. 88:2. 74 
IDs, ee 1:1. 72:3. 44} 1:1. 82:3. 64, 1:1. 90:3. 38] 1:1. 80:3. 20) 1:2.06:3.09  1:2.03:3. 05 
132 ee 1:1. 62:3. 24) 1; 1.67.8. 35) 1:1. 74:3.10) 1:1. 71:3. 05 1:1, 91: 2. 86, 1:1. 93:2. 90 

The results of the flexural strength test for each of 
the three aggregate ratios are shown in Table 8 and 
are plotted in Figure 5. Inspecting general averages, 
not only were almost identical values for moduli of 
rupture at 28 days found as were found for series A, but 
what is somewhat more significant, the same relative 
increase in strength for the crushed-stone concrete as 
compared with the gravel concrete was found. These 
average values are grouped together for comparison in 
Table 9 and Figure 6. The percentage of increase, is 
however, not quite so great, ranging from 10 per cent 
for the 33:67 mix to 13 per cent for the 40:60 combina- 
tion. 

The figures demonstrate the danger of designing 
concrete for resistance to flexure solely on the basis of 
water-cement ratio without regard to the type of aggre- 
gate employed. 

Reverting again to Figure 5 and discussing the detail 
values for flexural strength in series B, it is seen that 
the graphs show considerable variation in strength. 
Attention should be called, however, to the fact that 
the vertical scale to which these values have been 
plotted is very large and that in reality the deviations 
from the group averages are in general quite small. 

| ANID 

MODULUS OF RUPTURE — POUNDS PER SQ INCH 
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TasBiE 8.—Flexural strength of concrete specimens of series B, 28-day tests 3 

Ratio sand to coarse aggregate 33 : 67 Ratio sand to coarse aggregate 36: 64 | Ratio sand to coarse aggregate 40: 60 

Coarse aggregate Stone Gravel Stone | Gravel Stone Gravel 
grading No. 

jl | | 
Round | Round| Aver- | Round| Round| Aver- | Round| Round| Aver- | Round} Round) Aver- | Round| Round! Aver- Round | Round) Aver- 
No.1 | No. 2 age No.1 | No. 2 age No.1 | No. 2 age No.1 | No.2 | age No.1 | No. 2 age | No.1 | No.2]! age 

| | | 

| 
Lbs. per| Lbs. per| Lbs. per| Lbs. per Lbs. per| Lbs. per Lbs. per| Lbs. per| Lbs. per Lbs. per| Lbs. per| Lbs. per, Lbs. per| Lbs. per| Lbs. per Lbs. per| Lbs. per Lbs. per 
Sq. in. | sq. in. | sg. in. | sq. in. | sq. in. | Sq. in. | Sq. in. | sq. in. | sg. in. | sq. in. | sy. in. | sq. in. | sq. in. | sq. in. | sq. in. | sg. in.| sq. in. | sg. in. 

a a ad SA Regs Me eae 660 540 600 640 530 585 15 585 600 | 525 555 | 540 690 565 630 575 550 | 560° 
y pee ap ees Eee 520 450 485 515 515 515 565 560 560 570 685 | 630 720 595 660 625 520 | 570 
See Re rie Geo 570 640 605 575 540 560 560 635 600 510 | 505 | 510 585 645 615 475 505 490 
pA SN ey ea oe Aa 580 620 €00 505 500 500 | 605 655 630 525 550 | 540 555 570 560 525 510 | 520: 
Ooets a teeoe sees le. 590 §25 560 E05 530 520 | 560 505 530 480 | 525 | 500 495 525 510 545 | 520 530: 
Ie Seems eae 590 555 570 530 500 515 580 640 610 | 500 | 560 | 530 600 605 600 | 530 535 | 530 
ere een Cen ae te 565 545 555 555 510 530 | 665 590 630 515 465 | 490 565 585 575 470 550 510 
fe BI SS Bee a ee 525 550 540 490 485 490 585 475 530 §25 480 500 550 545 550 490 545 | 520 
cL Be Ee a 2 ee 575 605 590 510 400 455 600 555 580 | 540 | 525 |! 530 575 575 | 575 545 | 490 520 
KIER cee ae Te bee 600. 645 620 505 590 550 600 580 590 510 | 475 | 490 580 575 580 540 520 | 530 
dee Bak eos a 595 555 575 515 | 500 510 600 590 595 | 480 535 510 575 530 | 550 420 465 | 440 
feos, 5 cae Rae 560 570 565 515 | 500 510 575 600 590 545 570 | 560 620 535 580 | 490 | 455 | 70 
LB eas caren) 665 630 650 530 | 585 560 595 585 590 | 510 510 510 | 595 565 580 495 535 | 515 

A Versve meee 6 B80) [vse Soeelape ae why) a4 tee et B00} aero! 526 s|- bee sue cere Bev pees as tees | 515 
ER Vecci Ti trie eee es Oe ee G50; |oeecnene arene Gt a 2 ee el Bae 630g ese tows Re eee lie 630: Ketan weet emmenetcy BOOMS H Blas ie | 570 
aVENTUT Tee eee ee |e 485 | cen ened A iy | eeeeet ae le aes 530: Pe ea eat ele | 400 4) setae a oie BLO eee 440° 

1Determinations made on concrete beams 8 by 8 by 48 inches in size. Each value i 
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CEMENT FACTOR—BAGS PER CUBIC YARD 

Fic. 6.—RELATION BETWEEN STRENGTH OF CONCRETE AND 
CEMENT Factor. GENERAL AVERAGES FOR ALL GRADINGS 

TaBLE 9.—Comparison of average results of 28-day tests of 
series A and series B 

i | | Ratio of | Average | Average | Average 
Series Coarse aggregate crushing | cement 

coarse | ofTuD- | strength | factor 
aggregate ture g | 

Lbs. per | Lbs. per | Bags per 
sq. in. Sg. in. cu. yd. 

Is TSECT NA 2 ae ee Re i 33:67 570 3, 370 | 6.4 
(Gunn (alss =. eee ae SS eee 33:67 505 38, 340 | 6.0 

FESR aS LADTTG meneee eee e  e 33:67 580 3, 360 6.6 
(CUTE Nl ed SOE See A eer 33:67 525 3, 360 | 6.1 

deh (rer! ot ee Ree Sees 36:64 590 3, 440 | 6.6 
(Giggs ae te aes eee 36:64 525 3, 310 6. 2 

Bens LONG woe eee ee te ameter Oe 40:60 580 3, 600 | 6.8 
GY aV eles Se oe Ps 40:60 515 3, 290 6.3 

} 

Nore.—Each value for flexural strength is the average of 52 tests. 
Each value for crushing strength is the average of 68 tests. 
In series A the proportions were 1:134:3)4 by volume; flow, 140; water-cement ratio 

varied from 0.67 to 0.81. 
In series B the proportions were determined by trial (Portland Cement Association 

method to give a flow of 140, with a water-cement ratio of 0.72). 

Table 10 shows the deviations in percentage of the 
individual values for each grading and type of aggregate 
from the group average. It will be seen that the aver- 
age deviations for the three groups in series B are 
essentially the same and are slightly less than those in 
series A. It is interesting to note also that in six 
cases out of eight, grading No. 2 shows a deviation in 

s the average of two breaks on one beam, 

excess of 5 percent. This was a poorly graded material 
with a maximum size of 3 inches. The most significant 
detail as regards these figures, however, is the fact that: 
for all intents and purposes the flexural strengths 
obtained in series B for each type of aggregate are 
practically uniform, the deviation being no more than 
aa be expected even in carefully conducted laboratory 
work. 

TABLE 10.—Deviations in per cent of individual values for flexural 
strength from the mean of each group and for each material, 
based on 28-day tests ! 

Series A Series B 

| Ratio fine to | Ratio fine to | Ratio fine to 
Xone) Seeteente | | coarse aggre- | coarse aggre- | coarse aggre- 

Ere Cine ONS: | | gate, 33:67 | gate 36:64 gate 40: 60 
| Stone | Gravel 

| | | 

Stone |Gravel| Stone |Gravel| Stone | Gravel 

ee | E : | = 

| Per ct.| Per ct.| Per ct. | Per ct.| Per ct.| Per ct.| Per ct.| Per ct. 
UE Sh ep So ee ee eee —3 —1 +3 +11 +2 +3 +9 +9 
PC AES i es eget a ee | —8 —9 —16 —2 —5 +20 +14 +11 
Speen tyme Te POTN 2 5 | +5] —5 +4 +7 +2 —3 +6 | —5 
(Wee pares SA ee ee ew +8} +4] +3) —-5| +7] +8 —3 +1 
liye (Oe ee pare eee +2 +7 —3 —1 —10 —5 —l +3 
(| RS Re Ses —4 —7 —2 —2 +3 +1 +3 +k 
SS Cage et phen a ae —15 -—9 —4 +1 +7 —7 —1 —1 
ook ty ee oe ee hs oe eee —10 —10 —7 —7 —10 —5 —5 | +1 
Oe ae ee ea ee oP +4 +9 +2 —-13{/ —-2/; +1 -—1 | +1 
LO Ree a oases ee | -4 +9 +7 +5 | 0 | —7 0 | +3. 
re Ee ee | +14) +4] -—1} =—3! +1] -—3] -—5] —15 
iO: Sa Cage Sines ie ae STA gia ety 8} Oueeee? o| -9 
i eee Oe baer nS hy ey +12 +7 0 —3 0 0 

Average deviation _| 6 7 5 | 5 | 4 5 5 5 
I | | 

1 Total number of values, 104. Number in which deviation exceeds 10 per cent, 11> 

number in which deviation exceeds 5 per cent, 38; number in which deviation is 
5 per cent or less, 66. 

The results of crushing strength tests on specimens 
of series B are shown in Table 11 and are plotted in 
Figure 7. The group averages are summarized in 
Table 9. As in the case of the flexure tests, the devia- 
tion from the averages are, in general, neither con- 
sistent nor of great magnitude. Either of the three 
ageregate ratios seem to produce concrete of about 
the same strength regardless of grading, which again 
seems to indicate that so far as strength alone is con- 
cerned grading of coarse aggregate within the limits 
here indicated is not an important factor. The words 

“strength alone” are used here and elsewhere advisedly. 
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Aside from the yield or relative economy of the dif- 
ferent gradations, which is a subject entirely apart 
from the question of quality, variations in grading 
which produce harsh concrete difficult to handle and 
place, will unquestionably affect the strength on the 
job, because of the invariable tendency of the concrete 
gang to use excess water with such a mix. In these 
tests an effort was made to secure comparable work- 
ability of the different batches by means of the flow 
test. The slump test was, of course, entirely unsuited 
to this kind of work. The flow test was used because 
there was nothing better. It is, however, not a test 
for workability in the strict sense of the word, so that 
several of the undersanded mixtures with the ratio of 
fine to coarse aggregate of 33:67 were probably 
unworkable in the sense that they would have been 

TaBLEe 11.—Results of crushing strength tests of specimens of 
series B at age of 28 days } 

RATIO OF FINE TO COARSE AGGREGATE 383 : 67 

Crushed stone Gravel 

Coarse aggregate |—— a) > 1. Sarak eee 

grading No. nC ound | Round | Round 
ste . No. 2. | AVerBee Nast lieor 2 ai te” 

Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per | Lbs. per 
sq. in. SQuiie. | -Sqatiee sq. in, Sg. in. Sq. in. 

ees Bes. 6 98. Be 3, 370 3,215 | 3, 290 1, (8,280 3, 595 | 3, 410 
Tee ey Se eos ae 3, 370 3, 040 3, 205 3, 220 3, 185 3, 200 
bee 2 ee Se le 2 4, 230 3, 860 4, 045 3, 785 3, 855 38, 820 

3, 825 | 4, 065 | 3, 945 38, 690 3, 240 3, 465 
3, 590 STO ese O70 3, 820 2, 605 3, 210 
3,710 | 3, 205 | 3, 460 3, 845 4, 075 3, 710 
3, 455 3,145 | 3, 800 3, 375 3, 410 3, 390 
2, 950 2, 645 | 2, 800 3, 200 3, 210 38, 205 

Dist ie 8, 695 2, 985 | 3, 340 | 8, 365 38, 720 3, 540 
1) Seen ee eee oe 4, 025 3, 090 | 3, 560 38, 490 3, 405 | 3, 450 
1a he he ee 38, 710 3, 000 | 38, 355 3, 635 2, 580 3, 210 
pile 8 gM RS Re Beal 38, 025 2, 580 | 2, 800 3, 120 2, 585 2, 8380 
clps Feuege* asa, SA eae any S 8, 465 2, 945 3, 205 3, 205 38, 315 3, 260 

PAUV OTA LOS 26 ter |, aea rm rae tees Reae” ByRG aU yey a SRS al a el 3, 360 
LUG Cabeirisitere ay Oo. pe eae es A. OSD s cee ee eee | 2 ee 3, 820 
Minimum___-_- SO ee | PARE, 2} 300} 5. eee ee 2, 830 

RATIO OF FINE TO COARSE AGGREGATE 36: 64 

l 
PRS Serge Be 3, 520 3,245 | 3,380 3, 605 3, 385 3, 495 
ie a ee se ee 3, 090 3, 075 3, 080 38, 245 4,015 3, 630 
Dae 204282). a ees | 38, 975 3, 560 | 3, 770 38, 165 3, 160 3, 160 
Baer Oh, Saas eee eee 8, 645 4, 060 | 3, 850 3, 190 3, 325 3, 260 
(ioe Agee Ee eee le RS Tan 8, 455 38, 375 8, 415 2, 975 3, 685 3, 330 
eyo ee Bee ge ae Bo 38, 790 3, 805 38, 800 3, 190 3, 815 3, 500 
(EN SENS (es es 3, 285 3, 925 | 3, 605 3, 085 3, 215 38, 150 
3 oe eee ee 2, 845 2, 895 2, 870 *2, 885 2, 725 2, 805 
ee ee Se eet eee ee 3, 125 3, 190 3, 160 3, 170 38, 000 3, 085 
LOL Seer See a 3, 550 3, 950 3, 750 8, 640 3, 680 3, 660 
Litbeeee ss oe eS 3, 175 3, 785 38, 480 38, 225 38, 935 3, 580 
LD ee arene a Od 3, 025 3, 310 | 3, 170 3, 440 2, 990 3, 215 
its aoe ere Ns eee | 3, 225 3, 580 | 3, 400 2, 870 3, 515 3, 190 

Average. .--.-- | ERE ee ee ae 3, 440 | Seee EOee e 3, 310 
Maximum____- eo Sead SE OR 3; 850! |< Seeeer ee ek ake SP cole 3, 660 
Minimum___-_- \2 ado Weg oes EE: J 2370 il oe eo | eee 2, 805 

| 

RATIO OF FINE TO COARSE AGGREGATE 40: 60 

‘NS ee Ep. 22 Ay 3, 970 | 3, 360 3, 665 38, 040 3, 460 3, 250 
Aue eee Me Ee | 3, 335 38, 805 3, 570 38, 490 38, 425 3, 460 
Det ee Rees Pare vee 3, 765 4, 065 3, 915 8, 045 3, 890 3, 470 
ce ee Pee Pa eee 3, 670 4, 190 3, 930 | 3, 240 2, 895 3, 070 
eae, = EA ee 32) 3, 500 3, 590 3,545 | 3, 365 3, 150 3, 260 
Be GE DOR Fy ee 4, 165 3, 385 3,775 3, 490 3, 460 3,475 
(Ee Se Se. 3,540 | 2, 865 3, 200 3, 180 3, 630 3, 405 
eg ee eae ee 3, 200 | 3, 060 3, 180 3, 285 3, 115 3, 200 
nt eee. Boe Ce Les oe 3, 720’ | 3, 475 3, 600 3, 190 2, 970 3, 080 
10 ee 3 eee S 4, 055 3, 920 3, 990 3, 610 3, 260 3, 435 
iM lpr de Sees Ee 3, 610 3, 600 3, 605 3, 480 3, 285 3, 380 
Eee, Seta. ee eee 3, 145 Oea0 3, 190 3, 020 2, 625 2, 820 
i ee Se ae Bae. 3, 485 38, 905 38, 670 3, 540 38, 365 3, 450 

A. VOTagO. coe ates eae tee Lab 3; 600 se ne toe sloe eee eee 3, 290 
Maximimi2 2 peemeeaat ote Sag 72 3; 000 WU aaaereeetel cere eee 3, 475 
IMGin ima iss ee ee tere gS 3) 1304p See ees 2, 820 

! For coarse-aggregate gradings 1 to 5, inclusive, crushing-strength tests were made 
on portion of beams from flexure tests. Each value is the average of two breaks. 
For coarse-aggregate gradings 6 to 13, inclusive, crushing-strength tests were made 
on 6 by 12 inch cylinders. Each value is average of three tests. 

difficult to place and finish on the job. The point that 
it is intended to emphasize is, that it was possible to 
control the water-cement ratio in the laboratory but 
it would not be at all easy in actual construction unless 
the control was very rigid. 

ABSORPTION TESTS MADE 

A short series of absorption tests was made on the 
concrete of series A at age of six months. The results 
are given in Table 12 and indicate that there is prac- 
tically no difference between the absorption of the stone 
and the gravel concrete. These tests were made by 
immersing samples of concrete from the broken beams 
in water for 24 hours and noting the increase in weight. 

TasLE 12.—Absorption tests on concrete of series A at age of 
six months 

Water absorbed by stone Water absorbed by gravel 
concrete concrete 

Coarse aggregate |  _ 2 se 
grading No. ; Modes 

| Specimen) Specimen 7 Specimen| Specimen 
"No.1 | No.2 | AVefa8e | "No.1 | No.2 | Average 

| Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
ae ore OE c | 5.5 | 5.0 5.3 4.8 5.9 5.4 
PILES Be RLY ope AS ee 5.8 4.8 523) 4.8 5.2 5.0 
ft ty A eho 2 ee I 5.9 5.6 5.8 5.6 5.56 5.6 
4 Re Re See ee 4.3 5.1 4.7 4.5 5.0 4.8 
See sa I enn ee ee 4,3 | 5.6 5.0 4.9 5.0 5.0 
6 ae Re ee 5.6 | 5.6 | 5.6 5.6 5.8 5.7 
at, 2 es Sees Ese 5. 6 | 5.6 5.6 6.1 4.9 5.0 
Roe eea es See 5.0 6.3 6.7 5.0 5.4 iy 

6.0 5.8 5.9 4.8 §.2 5.0 
6.2 5.8 6.0 Dall 6.0 5.6 
5. 2 5.7 5.5 4.8 5.9 5.4 
4.9 5.0 5.0 5.2 5.8 5.5 
5.4 | 5.8 5.6 5.6 6.5 5.6 

TAS ies ee ear te a eee 5.3 

YIELD OF CONCRETE DISCUSSED 

A study of the relative economy of various concrete 
mixtures, all of which may have the same strength, is 
just beginning to occupy the attention of engineers and 
progressive contractors. It was formerly assumed and 
is still stated in many handbooks that, for a given 
proportion of cement, sand, and coarse aggregate, defi- 
nite amounts of materials are required to produce a 
cubic yard of concrete. While the values given may 
be correct as average values it is known that there are 
many factors which may appreciably alter any one or 
more of these quantities under certain conditions. In 
this report the writer is concerned primarily with the 
effect of type and gradation of coarse aggregate on 
yield. 

SERIES A 

Table 13 gives the computed quantities of material 
required for 1 cubic yard of concrete for each type and 
gradation of aggregate used in these tests, while Table 
14 gives the corresponding solid volumes of the mate- 
rials and the density of the concrete (total solids 
expressed as a percentage of 27 cubic feet). Quantities 
of materials are plotted in Figures 8 and 9. These 
figures illustrate graphically the fluctuations in the 
quantities of materials required to produce 1 cubic 
yard of concrete due to variations in the grading of the 
coarse aggregate. Assuming unit costs for cement, 
sand, and coarse aggregate, these values may be used 
to determine the cost of the materials in a cubic yard of 
concrete for each grading and aggregate type shown. 
Allowance should be made for the fact that the figures 
for any particular case may be somewhat out of line 
because of inaccuracies which result from experimental 

ee ee 
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Fic. 7.—CRUSHING STRENGTH OF CONCRETE SPECIMENS OF SERIES 

SERIES A 

PROPORTIONS 1:12:34 
COARSE AGGREGATE 33:67 

CRUSHED STONE CONCRETE *—* 
GRAVEL CONCRETE co 

SERIES B 

RATIO OF FINE TO 

23456789 10 11 12 

GRADING NUMBER 

13 

40 

fe) 
COARSE AGGREGATE 

760 

CRUSHED STONE 

GRAVEL 

20354850 67 = Se9elOrl i 12.13 

B av AGE or 28 Days 

TABLE 13.—Quantities of material required for 1 cubic yard of 

mix, series A) 
concrete, using the proportions 1:134: 31% by volume (nominal 

Stone Gravel 

CW Ostse OEETCEAtOms|ea ok) ones a een 4 ia 
grading No. | | | 

| Cement | Sand Stone | Cement Sand | Gravel 

| | | = 
AYR Bags Pounds | Pounds | Bags Pounds | Pounds 
ZZ || ia P pcte Ser Ree 6.1 1,160| 2, 350 | 5.9 1, 120 | 2, 230 
<2 Da Spat Oe ed Gees CO | 6.4 1, 210 2, 180 | 6. 2 1, 190 | 2, 120 
Be Bye nck ite BAe 6.3 1, 190 2, 330 5.9 | 1, 120 2, 210 

(eg OD 653) a nla0 2, 290 5,7 1, 080 | 2, 160 
eerie Weeder! Pons eee aS). DAY) 6.3 1, 200 | 2, 140 

F Gee ee ete, oe eee) 6. 2 1,170 2, 220 | 6.7 1, 090 2, 140 
Zn [se Re ee tes 6. 2 1, 180 | 2, 260 6.8 1, 100 2, 140 
sy he SaeAE, oat De Aieeee | 6.5 1, 230 2, 220 6.1 1, 160 | 2, O80 
oo i) a al net A A BEY 6. 2 1; 10am 250 5.8 1, 100 | 2, 180 

een oes see eS 6.3 1, 200 2, 160 | 5.8 1,100 | 2, 140 
Wks Locedae esha cel 6.4 | 1, 220 | 2, 210 5.9 1,110 2, 130 

(2345678 9101 1213 1234 56789 111 1213 pe aS EE Des 2% OM 6.6 | 1, 250 2,170 | 6. 2 1.170 2,110 
= BE ey te 6.6 | 1, 260 | 2, 090 6.1 | 1, 150 2, 060 

COARSE AGGREGATE GRADING NUMBERS | | It poe 

Fria. 8.—QuANTITIES OF MATERIALS REQUIRED FOR 1 CUBIC: Average. -2—2- 6.4 1,210} — 2, 230 | 6.0 1, 130 2, 140 
Vow Gia (loncome ee ee eee oss 

RATIO OF FINE TO RATIO OF FINE TO 
COARSE AGGREGATE 36:64 COsRS EER CGHE Gaile 40:60 

a CRUSHED STONE CONCRETE *— TasBLE 14.—Solid volumes of material for 1 cubic yard of concrete 
3 casey pea for each mix of series A and total solids or density of concrete 

ay expressed as a percentage of maximum possible density 

8% 
ree) = 

w 

a 

S Stone Gravel 
< 

Coarse aggre- ; | ce 
gate grading | Solid volumes Solid volumes 

No. 7 ee Se Total ee, By | Total 

of l | solids l | solids 
zs Cement) Sand | Stone Cement) Sand | Gravel 
n° ¥ | “a 2 et oe SAS, he ac 

| | | 

| Cu. ft. | Cu. ft: | Cu. ft. |\Per cent Cu. ft. | Cu. ft. | Cu. ft. | Per cent 
eles eee | 296 | 7.04] 12.70 84 2.86 | 6.79 | 13.52 | 86 
Oeste Ss 3.11} 7.33] 11.78 81 3. OL Tea |) apy 85 
Sekt ee se 3.06 | 7.22] 12.60 85| 286] 6.79] 13.40 85 

S pip) ae ee SSOCMIM mee tal nlecoS 84 2.77 6.54 | 13.10 | 83 

oY a he oh 3.30) 7.76) 12.05 SB ere Se OG aimee te (ali, 1a 08 86 
a< Ga etek 3.01} 7.09} 12.00 PAs ERM GNGREN| Sipe 83 
. Tk ei ead ere 3.01; 7.15 | 1217 83 | 2.82] 6.67] 12.98 | 83 

Stee Lace eee 3.16 | 7.45 | 12.00 84 2.96 | 7.03 | 12.60 84 
OL as ae oe oe Lee SEE ANAS) 12, 17 83 2. 82 6, 67 13; 21 84 

1234 5 67 8 91011 1213 i233 4955607 8 9 NON (12°43. TO Oo es 3.06 | 7,27 | 11. 68 1 2. 82 6. 67 12. 98 R3 

COARSE AGGREGATE GPADING NUMBERS a ~ === ---------- : se | 5 a ee: = - ae jes | a 3: a 
Se ae ae ee * | ~ 08 c b - “ eek De 

Fic. 9.— QUANTITIES OF MATERIALS REQUIRED FoR 1 CuBIC 13...000 Heese 2bull 75.64 [desl 82) 296] 6.97| 12.49 | 83 
YARD OF CONCRETE 
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errors. For this reason, comparisons of the effect of 
aggregate type on yield should only be made on averages 

. for all gradations, as in this way the number of speci- 
mens tend to largely eliminate the effect of experimental 
errors. The results forthe individual gradings, how- 
ever, are of interest to the extent that they indicate 
general relationships. For example, Figures 8 and 9 
show at a glance the effect of gradings 2, 5, 8,12, and 13 
on the various quantities required to produce a cubic 
yard of concrete. The amount of cement and sand 
required is larger and the amount of coarse aggregate 
required is smaller than where the coarse aggregate 
contains the smaller sizes. 

To bring out certain possible cost relations and 
illustrate the economic features involved in this study 
in a more graphic way than could be done by a com- 
parison of quantities only, certain unit costs of materials 
have been assumed. ‘These costs are said to apply 
fairly well to conditions in New Jersey and are as 
follows: Cement, 60 cents per bag; sand, 50 cents per 
ton; and coarse aggregate $1.40 per ton. The resulting 
material costs per cubic yard are shown in Figures 10 
and 11. Note the relative high cost resulting from 
the use of gradings 2, 5, 8, and 12 of series A. The 
value for grading No. 2 crushed stone is evidently in 
error as this point should be considerably higher than 
shown. On the basis of the above unit prices, the 
average cost of materials for 1 cubic yard of gravel 
concrete 1:134:34% mix by volume is $5.38, while 
the corresponding value for the crushed stone concrete 
is $5.70, an increase of 32 cents, or approximately 6 
percent. These values and those for series B, together 
with the corresponding moduli of rupture are given 
in Table 17. Values may be calculated in a similar 
way for any combination of unit prices. 

YIELD OF SERIES B 

Data for quantities of material used and densities 
of concrete as determined for series B are shown in 
Tables 15 and 16. The quantities and corresponding 
costs are plotted in Figures, 8, 9, 10, and 11 and Table 
17. These data show approximately the same relative 
difference in cost between the gravel and the stone. 
concrete as in series A. It is interesting to note, how- 
ever, that one factor which produces high costs in 
concrete proportioned as in series A, has just the 
opposite effect when proportioning is by the water- 
cement ratio trial method. When a contractor is 
working under a straight water-cement ratio specifica- 
tion, and sand is cheaper than coarse aggregate, as in 
this case, it is to his advantage to use a poorly graded 
stone or gravel because in so doing he is able to crowd 
more aggregate into his cement paste before passing 
the bounds of workability. On the other hand, the 
high cost of using a grading such as No. 10 with a 
large proportion of relatively small sizes is at once 
pean especially with the smaller proportions of 
sand. 

SLABS OF EQUIVALENT STRENGTH DETERMINED 

It is of interest to compute the relative theoretical 
thicknesses of slab required to produce pavements of 
equivalent transverse strength, using the average 
values of modulus of rupture for the two classes of 
concrete as shown by the tests of series A. For this 
purpose the so-called corner formula,? which is used 

? OLDER, CLIFFORD, HIGHWAY RESEARCH IN ILLINOIS. Proc. A. S. CO. E., 1924, 
p. 1180. 
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extensively in the calculation of edge thickness for 
concrete pavement slabs, is employed. This formula 
is usually expressed as follows: 

i= J 
§ 

in which d=depth of slab in inches; 
s=allowable unit flexural stress in bending in the con- 

crete; 
and P=allowed wheel-load at corner in pounds. 

In both cases the usual maximum allowable unit 
stress of one-half the modulus of rupture will be 
employed in the calculation. In the case of the gravel 
concrete this gives an allowable stress of 253 pounds per 
square inch and for the stone concrete a corresponding 
value of 285 pounds per square inch. Assuming a load 
at the corner of 8,000 pounds in each case, the value of 
d for the crushed-stone concrete reduces to 9.18 inches 
and for the gravel concrete to 9.74 inches, an increase 
of 0.56 inch, or 6.1 per cent. For equivalent slab 
strengths and on the basis of the flexural-strength 
values in the concrete obtained from these tests, pave- 
ments constructed of gravel concrete should be approxi- 
mately one-half inch thicker than pavements con- 
structed of crushed-stone concrete. 
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Reverting again to the previously assumed unit costs 
and adding 6.1 per cent to the cost of 1 cubic yard of 
gravel concrete as shown at $5.38, a value of $5.71 is 
obtained, which is almost exactly equal to the unit 
cost per cubic yard of the stone concrete. In other 
words, for the unit prices assumed, the cost of materials 
required to produce concrete pavements of the same 
slab strength is almost exactly the same for both 
aggregates. A similar cost analysis may, of course, 
be made with any other combination of unit prices. 
For example, assuming cement at 50 cents per bag, 
sand and gravel at $1.20 per ton, and crushed stone 
at $1.40 per ton, the unit cost of a cubic yard of gravel 
concrete (series A) is found to be $4.96, with $5.49 as 
the corresponding cost for the stone concrete, an in- 
crease of 53 cents. In this case, adding 61% per cent 
to the cost of the gravel concrete to care for the added 
thickness, makes the total cost of material in a gravel 
concrete slab of equivalent strength $5.26 as against 
$5.49 for the stone concrete. 

TaBLE 15.—Quantities of materials required for 1 cubic yard of 
concrete, series B 

RATIO OF FINE TO COARSE AGGREGATE 33 : 67 

Stone Gravel 

Coarse aggregate is 
grading No. 

Cement Sand Stone Cement Sand Gravel 

| 

Bags | Pounds | Pounds Bags Pounds | Pounds 
le ae eo ee ee ee 6.4 I, 120 | 2, 320 5.9 1, 080 2, 180 
OL ea aS Geil | ED ha 5.7 1, 210 2, 200 
Dae ee eee oe 6d 1, 150 2, 300 6.0 1, 080 2,170 
5 lg Aes Spe Spee aay Seas 6.3 | 1, 190 2, 300 6.2 1, 080 2, 200 
5 ee ee 6.3 1, 260 | 2, 230 5.8 1, 170 Zale) 
Ciao eee eS 7.0 1, 130 | 2,170 6.4 1, 050 2, 100 
i ee Se Ss oe SS 6.8 | 1, 130 2, 190 6.0 1, 080 2) 130 
2 ere ears Soe 6. 2 | 1, 210 | 2, 210 5.8 1, 160 2, 120 
QR Brine Sat ees 6.4 1, 140 2, 250 5.9 1, 080 2, 180 
i033: See Be ee eS led 1, 140 2, 080 6.7 1, 050 2, 080 
WN AS on i eae 6.9 ie aye) 2,150 6.2 1, 080 2, 100 
2a a ee 6.7 1, 210 2, 140 6.1 1, 180 2,170 
TL po Se a eS 7.0 1, 220 2, 060 6.3 1, 130 2, 040 

Average..-.... 6.6 1, 180 2, 210 6.1 1, 110 2, 140 

RATIO OF FINE TO COARSE AGGREGATE 36: 64 

| 

i pen ek a ea 6.6 1, 240 2, 230 6.0 1, 190 2, 100 
Dee Conese cbsaes 6.3 | 1, 340 2, 140 5.8 1, 280 2, 030 
ee Pe er ee aals 6.8 | 1, 240 2, 160 6.0 1, 190 2, 100 
en ce er | 6.4 | 1, 280 2, 180 6.0 1, 180 2, 100 
LR pe ee Cr20) 1, 340 2, 080 5.9 1, 270 2, 020 
ees ae ee eee | 7.0 1, 220 2, 060 6.3 1, 140 2, 000 
i 4 SP ae eee 6.4 1, 260 2, 130 6.1 1, 160 2,010 
Se a See eee 6. 2 | 1,310 2, 100 6.0 1, 250 2, 000 
Daeeen ae eee a 6.1 1, 250 2, 160 6.0 | 1, 160 2, 060 
SAU TAS ag ae mE i | 7.4 1, 220 1, 960 6.8 1, 120 1, 930 
Teer ees ee ore 6.8 1, 270 2, 040 6.3 1, 180 2, 000 
i DAE Se he eee ae 6.4 1, 320 2, 040 6.4 1, 240 1, 980 
ete Sao eee 6.8 | 1, 320 1, 950 6.6 1, 220 1, 940 

| ————-————_ ae 

Average _...--- 6.6 1, 280 2, 100 6. 2 1, 200 2, 020 

RATIO OF FINE TO COARSE AGGREGATE 40: 60 

_ 

1, Aecap <P EE ple iei Es me) 6.9 1, 340 2, 020 6.4 1, 300 1, 940 
a eeniaek aie eS eh Sete 6.4 1, 440 1, 940 6.5 1, 380 1, 860 
ed as Se Le One 6.8 1, 360 2, 000 6.2 1, 300 | 1, 920 
4 SIRS Ee E Ee 33 6.6 1, 380 1, 980 6.0 1, 290 1, 930 
eee eee eee 7.0 1, 440 1, 880 5.9 1, 380 1, 860 
Caen eee see 6.8 1, 350 1, 920 6. 2 1, 280 1, 880 
ee ee 6.8 1, 3380 1,910 6. 2 1, 260 | 1, 840 
SP ip ke AR A tee 6.6 1, 480 1, 940 6. 2 1, 350 1, 820 
Von one eee See ee 7.0 1, 320 1, 920 6.2 1, 260 1, 870 
OMe tee ees Sree 7.4 1, 340 1, 800 6.5 | 1, 260 | 1, 830 
pb as eee eS ee 6.7 1, 400 1, 900 6.5 1, 280 1, 840 
12 see Se 6.5 1, 440 1, 890 6. 2 1, 360 1, 840 
1 bs eee See eee Sar 7.0 1, 440 1, 800 6.4 1, 340 | 1, 790 

Average-_.----- 6.8 1, 390 1, 920 6.3 1, 310 1, 860 

These figures are given solely to illustrate how fluc- 
tuations in material prices affect relative costs and not 
with any idea that they may be applied to any specific 
conditions. It should also be noted that, theoretically, 
there will be a somewhat higher labor cost in placing 
the gravel due to its extra thickness, although this 
item might possibly be comewhat neutralized by the 
greater workability of the gravel concrete as com- 
pared with the crushed-stone concrete. 

TABLE 16.—Solid volumes of material for 1 cubic yard of concrete 
for each mix of series B and total solids or density of concrete 
expressed as a percentage of maximum possible density 

RATIO OF FINE TO COARSE AGGREGATE 33 : 67 

Stone Gravel 

Coarse aggre- [ 
gate grading Solid volumes Solid volumes | 

No. = ot A See Total _ Total 
solids Nl | solids 

Cement; Sand | Stone \Cement) Sand | Gravel | 

= 4 || oe ee sae eet ie _ 

Cu. ft. | Cu. ft. | Cu.ft. | Per ct. | Cu. ft. | Cu. ft. | Cu. ft. | Per ct. 
ese ee eee 3, 11 6. 79 12. 54 83 2. 86 6. 54 13. 21 | 84 
ie 5 Sere pty Se 2.97 7. 64 12. 42 | 85 2.77 7. 34 13. 34 87 
Sate meee. e 3. 26 6.97 | 12.42 84 2. 91 6. 54 13. 15 84 
Bs ade SE ee ) 3..08 Vee” 12. 42 84 3. 01 6. 54 13. 34 | 85 
i 5 Saye Se a Le 3. 06 7. 64 | 12.05 84 2. 81 7.10 12. 85 84 
Lee set 2 en ie a 3. 40 6. 85 11. 74 82 Sold 6. 36 12:71 | 83 
Shaheen Seer 3. 30 6.85 | 11. 84 81 2.91 6. 54 12. 91 84 
ie es ih he, eee 3. 01 (ps) 11. 95 83 2.81 | 7.03 12. 85 | 84 
Qe ene oe 3.11 6. 97 12. 16 82 2. 86 6. 54 13. 20 84 
i () ere een meee 3. 54 6. 91 11. 25 80 3. 25 6, 36 12. 60 | 82 
peep ee ee a.B0: 7. 09 11. 62 82 3.01 | 6.54 12. 71 | 82 
ee, ae ee ae 3. 20: 7. 34 11. 56 82 2. 96 (Ge) 13. 16 86 
ital A ee ee pe 3. 40 7.40 11. 13 81 3.05 6. 84 12. 36 82 

— — — ( = 

RATIO OF FINE TO COARSE AGGREGATE 36 : 64 

| | 

ee. ea ae 3. 21 102 | 12506) 84 2.91 7.22 | 12.738 | 85 
Di, OTN ote ae 3. 06 82120) aera 84 2. 82 7. 76 12. 30 | 85 
Bis patois ae eet ee 3. 30 (O20 edd cod 83 2. 91 7. 22 12. 73 85 
ape ete 2. Soeeeh se 3. 11 Yporge’ 11. 79 | 84 2. 91 ie LOM nee nd 85 
lapse nee eh ae nan ee 3. O1 8.12 11, 24 | 83 2. 86 7. 70 12. 24 | 84 
Gee eee 3. 40 7.40 11.14 81 3. 06 6. 91 12.1254 82 
eee na S| 3. 11 7.64 | 11.61 | 82 2. 96 7.03 | 12.18 82 
See ek ere eae 3. O1 7.94 11. 36 83 2.91 7. 58 L212 84 
O ee Seen 2. 96 7. 58 11. 68 82 2.91 6. 91 12. 48 83 
ees See 3. 60 7.40, 10.60 80 3. 30 6. 79 11. 70 81 
1 a en: See eee ee 3. 30 7.70 11.03 | 82 3. 01 7. 15 12,.12 83 
HD eee) re oy Seda 8.00 | .11. 03 | 82 SELL Tab 20a 12500 84 
UB}a= = 4 eee Se 3. 30 8.00 | 10. 54 81 3. 21 7. 39 | 11. 75 | 83 

RATIO OF FINE TO COARSE AGGREGATE 40 : 60 

| | | | | 

ete hee eee 3. 35 | 812°) 10, 91 83 Sa le SO) bate 84 
Df, Savi bers eens aed 3. 11 8. 73 10. 49 | 83 3.16 | 8.36 11. 27 84 
ae sees See e. 3.30 | 824] 10.81 83 3. 01 7.88 | 11.64 83 
a AL Se ae anes | 3.20) |) 8.36 10. 70 | 82 2. 91 7. 82 | 11. 69 83 
GN tak ee 3.40) 8.73 | 10-167) 83 2.86 | 8.36 2a | 83 
Gh ses S53 Ase ee 3.30} 8.18 10. 38 81 3. 01 7.76 11. 39 | 82 
VES ee es 3. 30 8. 06 | 10. 32 | 80 3.01 | 7.64 11.15 | 81 
Clee ¢ Se eee 3. 20 8. 67 10. 49 83 3. 01 SoS uel Oo) 82 
Oe eo Eee ee 3. 40 8.00; 10.38 | 81 3. O1 7645) 1112.33 81 
Qe ee ak ee Fae 3. 59 hime) EL 7a} 79 3.16 7. 64 11. 09 81 
US ee Ae Wrs:126)) 0) 8.49) 10) 27a 82] 3.16 | 7.76) 11.15 82 
es ease eee |) = seks) 8.73} 10,21 | 82 3. 01 824) 11.15 83 
Vee e tock ape ee 3. 40 8. 73 | 9, 73 | 81 Sol S12 10. 85 | 82 

TaBLe 17.—Average costs per cubic yard of concrete, series A and B 

| | | 
| | yaye of | Cost of | Average 

“el | fine to | concrete | modulus 
Series Coarse aggregate coarse |percubic of rupture 

aggregate| yard | 28 days 

| : es BES OD a a FN | el 

A 33: 67 $5. 70 57 
| 33: 67 5. 38 | 505 

B 33: 67 5. 80 586 
| 33: 67 5. 45 525 

36: 64 5. 75 590 
36: 64 5. 40 | 525 
40: 60 Der 580 
40: 60 5. 40 515 

Costs based on the following assumed unit prices: Cement, $0.60 per bag; sand, 
$0.50 per ton; coarse aggregate, $1.40 per ton. 
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CONCLUSIONS PRESENTED | 

It is not intended that the conclusions given below 
and which are based on the results of these tests shall 
be considered as applicable to crushed trap rock and 
gravel of a different type and quality than those em- 
ployed in this investigation, or to kindred aggregates 
produced and marketed under conditions differing 
from those used, and should not be interpreted as 
applying to crushed-stone or gravel aggregates in 
general. These conclusions are as follows: 

1. That when coarse aggregates comparable in 
quality to those used in these tests are employed in the 
construction of concrete pavements in New Jersey 
under existing specifications: 

(a) Concrete in which crushed trap rock is used as 
coarse aggregate will average about 12 per cent higher 
in flexural strength than concrete in which gravel is 
used as coarse aggregate. 

(b) There will be practically no difference in the 
crushing strength of crushed trap-rock concrete and 
gravel concrete. 
(ec) There will be practically no difference in the 
absorption of crushed trap-rock concrete and gravel 
concrete. 

(d) For equivalent flexural slab strengths, a pave- 
ment constructed of gravel concrete should have a 
depth approximately one-half inch greater than a 
pavement constructed of crushed trap-rock concrete. 

(e) The cost of the materials required for a unit 
volume of crushed trap-rock concrete will as a rule be 
greater than the cost of materials required for an 
equivalent volume of gravel concrete. 

2. That when coarse aggregates comparable to those 
used in these tests are used in concrete mixtures 
designed for a given strength by the so-called water- 
cement ratio trial method: 

(a) The flexural strength of the crushed trap-rock 
concrete will average about 11 per cent higher than the 
gravel concrete. | 

(b) There will be practically no difference in the | 
crushing strength of the crushed trap-rock concrete i 
and the gravel concrete. | 

In addition to the above, the following indications 
as to effect of gradation on strength and yield when the 
concrete is proportioned by fixed volume as well as 
by the water-cement ratio theory may be stated: 

(1) That the gradation of the coarse aggregate has 
very little direct effect upon the strength of the con- 
crete. 

(2) That when proportioned by the water-cement 
ratio trial method, variations in the fine-coarse aggregate 
ratio of from 1:2 to 2:3 do not affect the strength of 
the concrete for a given sand and for a given water- 
cement ratio. 

(3) That variation in coarse aggregate grading will 
greatly affect the yield of concrete and therefore its 
cost, when the concrete is proportioned either in the 
usual way or by the water-cement ratio method. 

(4) That the use of well-graded coarse aggregate will 
increase the yield when proportioned by the usual 
method, but exactly the reverse is the case when the 
concrete is proportioned by the water-cement ratio 
method. 

(Continued from page 262) 

but it is one which is rather hard on the profits which 
might otherwise be had from the job. 

Table 8 shows a number of typical readings of the 
time required to move both crawler and wheel-traction 
type shovels under fair to good field conditions. The 
average time required for moving the wheel-traction 
type operating on mats was more than five times that 
required for moving the improved crawler type. In 
shallow cuts where much moving is required the shovel 
equipped with wheel traction operating on mats is 
under a severe handicap. This is also true for some of 
the older crawler types which normally require an 
additional man when moving. In general, and under 
fair field conditions, it should be possible to keep the 
average time per move for a 34-yard crawler type shovel 
of the better type within 15 seconds and within75 
seconds for a similar shovel equipped with wheel trac- 
tion and operating on mats. If the average time per 
move approaches 30 seconds under ordinary field con- 
ditions for the crawler shovel or 150 seconds for the 
wheel shovel, we may safely conclude that either the 
operator is slow or the mechanism needs adjustment or 
repair. For blocking or leveling the shovel on steep 
grades at least two wide wedge-shaped blocks rein- 
forced with strap iron and light bolts should be pro- 
vided. Such blocks can readily be handled by the pit- 
man and will pay for themselves in a few hours where 
conditions are such that blocking is required. 

SHOVEL OPERATOR A MOST IMPORTANT FACTOR 

A high degree of efficiency in power-shovel operation 
can only be secured through the proper coordination of 

TaBiE 8.—Shovel movements classified according to time required 

Move- , Move- 
Move- : men POEs, mente Os 

: ‘ ments 0 wheel- : . ments 0 wheel- 
econ iy ed | crawler- | traction Ve ony ed | crawler- | traction 

% traction | shovels traction | shovels 
shovels | operating shovels | operating 

on mats on mats 

Number | Number Number | Number 
SCO: LO sae sees yee 6: [Sc eees ees 50'00/602 222 ae eee 5) 
LOCO ng 2 ee sees 20.55 Eee CO: TOYO SS asses oe oe 1 12 
2 Ola eee ae ae 32) ee ae ee COCO 80. See roe ok sees eee 28 
14 to 16 20) S222 See SO\CO9ORS a eee ee 2 7 
LG UO RLS meneteees eee 14:3) 222 2. Se OO; (Or 100 anes ssa ee ee 10 
TS"CON2O Ups eee eee = See ee LOOMO25 {oer See ee eee 16 
20 LOO Senn ae 2342-02. Se 125°t0 V60L5 2222 ae ees at 7 
2pubOs 30 see ee ee ee LO eso ee ee LOOMO LTS 53 teers os |S ae eet 4 
BOO. Boe ape aee eee Qe) Se ae 2 Se ZO COOOL eee |e eee 1 
35).C0.40 See a eee + ee ADOVG.200i ee Se eee 6 
40,6602 se 5 202 eo 6 3 

several factors. The first and most apparent is the 
operator. The ideal operator is a man gifted with 
quick reaction, a true eye, good judgment, great en- 
durance, and a high degree of skill and experience. 
He should know the possibilities as well as the limita- 
tions of the shovel and be able to maintain it in first- 
class condition. 

But it is not enough simply to secure a good operator. 
Except where casting is involved, the operator can dig 
no more material than the available equipment can 
haul, and he can only dig when hauling units are actu- : 
ally in place for loading. If the supply of wagons or | 
trucks is inadequate to handle full shovel production, or 
if their operation is such as to interfere with the steady, 
methodical operation of the shovel, the fault lies with 
the management. 

ie . 

O 
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applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 

DEPARTMENT BULLETINS 

No. 105D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 

*136D. Highway Bonds. 20ce. 
220D. Road Models. 
257D. Progress Report of Experiments in Dust Prevention 

and Road Preservation, 1914. 
*314D. Methods for the Examination of Bituminous Road 

Materials. 10c. 
*347D. Methods for the Determination of the Physical 

Properties of Road-Building Rock. 10c. 
*370D. The Results of Physical Tests of Road-Building 

IR@wK,  ieye: 
386D. Public Road Mileage and Revenues in the Middle 

Atlantic States, 1914. 
387D. Public Road Mileage and Revenues in the Southern 

States, 1914. 
388D. Public Road Mileage and Revenues in the New 

England States, 1914. 
390D. Public Road Mileage and Revenues in the United 

States, 1914. A Summary. 
407D. Progress Reports of Experiments in Dust Prevention 

and Road Preservation, 1915. 
463D. Earth, sand-clay and gravel. 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 
dC. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 265c. 

*660D. Highway Cost Keeping. 10c. 
*670D. The Results of Physical Tests of Road-Building 

Rock in 1916 and 1917. 5c. 
*691D. Typical Specifications for Bituminous Road Mate- 

mls, IME. 
*724D. Drainage Methods and Foundations for County 

Roads.  20e. 
*1077D. Portland Cement Concrete Roads. 145c. 

NO. 

DEPARTMENT BULLETINS—Continued 

No. *1132D. The Results of Physical Tests of Road-Building 
Rock from 1916 to 1921, Inclusive. 10c. 

1259D. Standard Specifications for Steel Highway Bridges, 
adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 

1279D. Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 

1486D. Highway Bridge Location. 

DEPARTMENT CIRCULARS 

94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 

Culverts. 

MISCELLANEOUS CIRCULARS 

62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal Aid 
Highway Projects. 

93M. Direct Production Costs of Broken Stone. 
*105M. Federal Legislation Providing for Federal Aid in 

Highway Construction and the Construction of 
National Forest Roads and Trails. 5c. 

FARMERS’ BULLETINS 

No. *838F. Macadam Roads. 5c. 
*505F. Benefits of Improved Roads. 5c. 

SEPARATE REPRINTS FROM THE YEARBOOK 

. *739Y. Federal Aid to Highways, 1917. 5c. 
*849Y. Roads. 5c. 
914Y. Highways and Highway Transportation. 

REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 

Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 

Relation Between Properties of Hard- 
ness and Toughness of Road-Build- 
ing Rock. 

A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Tests of a Large-Sized Reinforced-Con- 
crete Slab Subjected to Eccentric 
Concentrated Loads. 

Vol. 5, No. 19, D— 3. 

Vio lemma. 

Violas 

No. 24, D= 6. 

No. 6, D— 8. 

Vole eNom 10, D=15, 

* Department supply exhausted. 
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